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Ecological Monographs, 54(3), 1984, pp. 253-289 
? 1984 by the Ecological Society of America 

PATCH DYNAMICS AND STABILITY OF SOME 
CALIFORNIA KELP COMMUNITIES' 

PAUL K. DAYTON, VICKIE CURRIE, TIM GERRODETTE, BRIAN D. KELLER,2 
RICK ROSENTHAL, AND DAVID VEN TRESCA3 

Scripps Institution of Oceanography, La Jolla, California 92093 USA 

Abstract. This paper considers three concepts of stability as they relate to the dynamics of dis- 
tinctive patch types of algal canopy guilds in southern and central California kelp communities: (1) 
persistence of a patch through more than one generation of the dominant species, which was evaluated 
by using life tables and observations of patch borders; (2) inertia or the resistance of different patches 
to invasion or disturbance, which was evaluated by artificially enhancing gametophytes by transplanting 
sporogenic material, by removing canopy, and by evaluating some important disturbance processes; 
and (3) resilience or recoverability of a patch following a perturbation sufficient to allow invasion of 
different species, which was studied by defining some of the mechanisms of successful invasion or 
succession. By working in distinct habitats in southern (Pt. Loma and Santa Catalina Island) and 
central (Pt. Piedras Blancas) California, we could evaluate different types of physical stresses as they 
related to these stability concepts. 

Taller perennial canopy guilds were dominant competitors for light, but were more susceptible to 
physical wave stress. Dominance hierarchies in the competition for light appeared to be reversed in 
areas exposed to increasing wave stress. The main causes of mortality at Pt. Loma were entanglement 
with storm-dislodged Macrocystis plants and, in some areas, sea urchin grazing. Mortality in central 
California was due to winter storms. In most cases, distinct patches resisted invasion for > 10 yr. The 
mechanisms of resistance involved (1) competition for light and, possibly, nutrients, and (2) limits to 
spore dispersal. When succession occurred, it was often mediated by many factors, including seasonality 
of spore production, which coincided with winter storm-related mortalities; mechanisms of kelp 
dispersal, which were most effective via drifting plants and fragments of fertile material held against 
the substrate by invertebrates; and survivorship of gametophytes and small sporophytes, which was 
influenced by local scour and grazing. Appropriate spatial scales, stability, and succession studies in 
these kelp communities were determined by the size of the disturbed area, which varied from the free 
space resulting from detachment of single plants to the free space resulting from catastrophies such 
as overgrazing or unusual storms. Temporal scales were influenced by seasonality of disturbance and 
algal reproductive condition and aperiodic episodes of cool, nutrient-rich water advected into the 
patch. 

There appeared to be conflicting morphological adaptations of the canopy guilds: exploitation of 
light was enhanced at higher canopy levels, whereas the lower canopy levels were better adapted to 
tolerate stress from wave surge. The adaptations of the algae appeared to form four distinct groups 
of tactics: (1) ruderals or plants, such as Nereocystis and Desmarestia, with opportunistic life histories; 
(2) kelps, such as Macrocystis, adapted to exploitative competition for light and nutrients; (3) kelps 
(Eisenia, Dictyoneurum) adapted to physical stress such as wave surge; and (4) those algae, such as 
corallines and Agarum, adapted to heavy grazing. Within any given area, the relative patch stability 
was determined by biological relationships; between areas, the patch stability patterns were attributable 
to physical differences. 

Key words: community; competition; dispersal; grazing; kelp; patch dynamics; predation; stability; 
stress. 

INTRODUCTION 

Stability and succession are two of the oldest shib- 
boleths in the ecological literature. Both are general 
community concepts integrating many physiological 
adaptations, life histories, demographic patterns, in- 
terspecific relationships, and physical-biological inter- 
actions with the environment. Progress toward a gen- 

'Manuscript received 4 November 1981; revised 12 April 
1983; accepted 29 June 1983; final version received 25 August 
1983. 

2 Present address: Department of Biology, Yale University, 
New Haven, Connecticut 06511 USA. 

3Present address: California Department of Fish and Game, 
2201 Garden Road, Monterey, California 93940 USA. 

eralized theory has been slow because both concepts 
depend upon many specific patterns of foraging and 
reproductive behavior, competition, predation, mu- 
tualism, dispersal, etc. Each is variably independent in 
time and space; most natural situations are character- 
ized by disequilibria sustained by various levels and 
types of physical disturbance. Thus, for example, dif- 
ferent communities may have similar levels of stabil- 
ity, but for different reasons. A mechanistic under- 
standing of stability should remove such ambiguity. 

Ecologists are increasingly becoming aware that many 
simplified but general theoretical models of stability 
are not applicable to natural systems. There is a wel- 
come trend toward identifying separate components of 
stability (van Dobben and Lowe-McConnell 1975, 
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Sutherland and Karlson 1977, Glasser 1979, Harrison 
1979, Sutherland 1981, Connell and Sousa 1983) and 
using more appropriate theory (May 1973, Yodzis 1978, 
1980, Crowley 1981, Paine and Levin 1981). In con- 
trast, succession theory has continued its history of 
dissonance between those who see succession as an 
ordered community process (Clements 1916, Odum 
1969) and those who see it as an individualistic phe- 
nomenon (Gleason 1917, Drury and Nisbet 1973, Con- 
nell and Slayter 1977). This historical collage of se- 
mantic confusion, dogma, and rediscovered concepts 
is summarized by McIntosh (1980). Despite the glaring 
inadequacies of highly idealized and structured con- 
cepts, theories, and rules, stability and succession do 
have underlying and intertwined components, and 
these can be integrated to formulate some level of gen- 
eral understanding (Yodzis 1978, Crowley 1981, Suth- 
erland 1981). 

In this paper, we evaluate the patch dynamics of 
California kelp communities in relation to stability and 
succession. The many nonexclusive hypotheses relat- 
ing to the origin and dynamics of the ubiquitous ex- 
istence of distinct patches in nature include the follow- 
ing: (1) patches are maintained by local physical 
characteristics tolerable to some species but not to oth- 
ers; (2) other species have not had the opportunity to 
colonize, and patches are ephemeral entities defined 
by relative dispersal patterns; (3) all species colonize 
together, but different life-history phenomena alone 
determine the composition of the patch; and (4) ben- 
eficial biological interactions such as mutualism en- 
hance the successful colonization of certain species into 
patches, and deleterious interactions such as compe- 
tition or predation prevent colonization. In nature, these 
alternate mechanisms are often complementary, but to 
some extent they can be tested by removal and trans- 
plantation experiments. For example, successful col- 
onization by other species can falsify the first hypoth- 
esis-; these colonizations combined with appropriate 
natural-history observations of dispersal, settlement, 
and survivorship, can falsify the second and third hy- 
potheses. 

We do not attempt a general consideration of sta- 
bility concepts (cf. Sutherland 1981, Connell and Sousa 
1983). Instead, we arbitrarily postulate that commu- 
nity stability has three components. 

1) Persistence refers to the existence of a patch for 
more than one generation of the dominant pop- 
ulation. 

2) Inertia (resistance) refers to the resistance by a 
patch (ideally through more than one generation) 
to invasion or perturbation (Types I and II per- 
turbations of Sutherland [1981]). That is, the patch 
is persistent despite being challenged. 

3) Resilience refers to the return of a patch to its 
original composition following a perturbation suf- 

ficient to allow colonization by different species 
(Type III perturbation of Sutherland [198 1]). 

Note that persistence is not a tautological result of 
longevity (Frank 1968), but can result from great in- 
ertia or resilience. Inertia implies a resistance to succes- 
sion, whereas resilience can include an invasion fol- 
lowed by a recovery to the original patch composition. 

Succession, the process of community change, was 
evaluated by studying the mechanisms by which new 
species successfully invade, colonize, and occupy 
patches. To the extent that our definition of stability 
involves resistance to invasion, succession and stability 
involve opposing processes. A fruitful approach to both 
is to study the interface between these conflicting pro- 
cesses. 

Kelp communities offer certain advantages for this 
type of community research. There are distinct patch 
types composed of species of algae that can be cate- 
gorized into vegetation layers distinguished by distinct 
morphological adaptations. These layers include (1) a 
floating canopy (Macrocystis pyrifera, Nereocystis luet- 
keana) supported at or near the surface by floats; (2) a 
stipitate, erect understory in which the fronds are sup- 
ported well above the substratum by stipes (Pterygo- 
phora californica, Eisenia arborea, Laminaria set- 
chelil); (3) a prostrate canopy in which the fronds lie 
on or immediately above the substratum (Laminaria 
farlowli, Cystoseira osmundacea, Dictyoneurum cali- 
fornicum); (4) a densely packed algal turf of articulated 
coralline algae (especially Calliarthron spp.) and many 
species of foliose and siphonous red algae; and (5) en- 
crusting coralline algae such as Lithophyllum spp. and 
Lithothamnion spp. For each pair of layers, the taller 
guilds are temporary components of the lower lying 
guilds during their early life history. Although we ad- 
dress processes at the community level, we emphasize 
that the proper units of evolutionary study relate to 
the demography of component populations. For this 
reason, we focus on the survivorship of the kelp species 
under various experimental and natural conditions. 
Unfortunately, fecundity data are not obtainable for 
most kelps (see Chapman 1979, Gunnill 1980a, b). 

A study of patch inertia should include independent 
measures of the stresses and disturbances that affect 
the community. Environmental perturbations that re- 
sult in nonlethal physiological stress may have ex- 
tremely important demographic consequences by re- 
ducing age-specific fecundity. This is especially true for 
algae that may survive but may not be reproductive 
because they are in habitats deficient in light or nu- 
trients. Unfortunately, such sublethal physiological 
stresses are almost never independently quantified in 
community studies, including this one. In some cases, 
we had indirect evidence of such stress, and we mention 
this stress as an untested hypothesis. Similarly, stress 
from water motion, especially the extremely strong 
surges associated with storms, influences survivorship 
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as well as fecundity. Here again, we did not have in- 
dependent direct measures (Sutherland 198 1); we eval- 
uated the effect of this stress on a relative scale by 
comparing habitats exposed to very different regimes 
of water motion (Fig. 1). 

We emphasize that each algal species has unique 
levels of resistance to particular stresses. For example, 
algae store nutrients that are utilized when ambient 
nutrients are low but other physiological factors, such 
as light and temperature, are adequate (Chapman 1979, 
Gerard and Mann 1979). Similarly, algae are differ- 
entially susceptible to dislodgement by wave stress. 
Increased tolerance to wave stress may be associated 
with reduced competitive abilities in less stressful hab- 
itats. All algae have many such adaptations replete with 
various evolutionary compromises. We addressed in- 
terspecific or synecological questions about commu- 
nity organization, but whenever possible we posed our 
questions in autecological terms relative to the algae. 

STUDY SITES AND METHODS 

This paper is based on a 3-yr study in central Cali- 
fornia at Pt. Piedras Blancas, San Luis Obispo County; 
a 9-yr study at Bird Rock, Santa Catalina Island, Los 
Angeles County; and an intensive 10-yr study of the 
large Macrocystis forest off Pt. Loma, San Diego Coun- 
ty (Fig. 1; see North 1971). 

Pt. Loma. -The main study area was in the central 
part of the Pt. Loma kelp bed at a depth of 15 m (Fig. 
1). The area includes several limestone reefs of 1-4 m 
vertical relief and several hectares of relatively flat 
sandstone substratum. The two main reefs, Virgin Reef 
and Jeff's Reef, run north-south, perpendicular to the 
onshore surge. In some areas, the reefs are fragmented 
into piles of limestone rubble, which we refer to as 
"boulder reefs." Pt. Loma is not protected by the Chan- 
nel Islands, and so is exposed to much more severe sea 
conditions than Bird Rock or than most other main- 
land habitats in the southern California Bight. High 
late-summer temperatures and low nutrients frequent- 
ly stress the Macrocystis off Pt. Loma (North 1971, 
Jackson 1977). 

In 1971, a permanent 100-m line transect was es- 
tablished several metres shoreward of Virgin Reef. The 
north-south transect was laid through a dense patch of 
Macrocystis across a representative, relatively flat 
sandstone substratum. Except for a few small (5-15 
cm) ledges and a small depression often filled with 
shifting sand, there was no topographical relief in the 
area. Quadrats of 0.25 to 15 m2 were established along 
the line for purposes of mapping and evaluating sur- 
vivorship of small kelps. 

West and north of Virgin Reef were dense patches 
of stipitate and prostrate kelps (Fig. 2). Patch types 
were quite distinct (Table 1). In the early 1970s, most 
of the area seaward of the Macrocystis patches in this 
part of the Pt. Loma kelp forest was dominated by 

Mo nterey C 

A~~~~~~6 

San Luis Obispo 

~Los Anges 

Bird 
RockOE Santa 

UC Catalina Island 
Marine, 
Lab 

Two HarborsSaDig 

FIG. 1. Map of the coast of California between Monterey 
and San Diego showing Pt. Piedras Blancas, Bird Rock, and 
Pt. Loma study areas. At Pt. Piedras Blancas Sites A, B, and 
X are located within large Macrocystis canopies and Site D 
is in a dense grove of mixed Pterygophora and Laminaria 
setchelli. At Pt. Loma, Site F is at - 18 m, Site G is the main 
Virgin Reef area in -15 m, and H is at -1 1 m. Site E is the 
Bird Rock kelp forest at Santa Catalina Island. 

Pterygophora and small (4-30 M2) patches of prostrate 
kelps. There were smaller areas of dense turf structur- 
ally dominated by articulated coralline algae, mostly 
Calliarthron spp., bushy and foliose red algae, espe- 
cially Rhodymenia spp., Schizymenia pacifica, and, in 
some areas, thick tufts of Gelidium spp. Areas around 
the reefs and the boulder reefs had been cleared of 
fleshy algae by sea urchins and were dominated by 
encrusting coralline algae. Such sea urchin/coralline 
areas are well known and have been termed "barren 
modes" by Lawrence (1975). (Subsequent to this study 
a growing sea urchin fishery has eliminated most of the 
urchins in these areas.) 

Fifteen permanent 1-rM2 quadrats were haphazardly 
chosen and established within each of the stipitate and 
prostrate canopy guilds to follow survivorship. The 
corners of the quadrats were marked by large metal 
stakes, and the plants were individually tagged with 
plastic ties. Seven areas of 4-15 m2 were cleared of 
their canopies in the late spring and summer of 1971, 
and recruitment and subsequent cohort survivorship 
were evaluated. The Virgin Reef area was the most 
intensively studied, but Macrocystis survivorship was 
also evaluated at areas 11 and 18 m deep on the inner 
and outer edges of the kelp forest. In these areas, 
100-m transect lines similar to those at Virgin Reef 
were established in 1974. 

Kelp have many life-history stages (Chapman 1979); 
there are problems in deciding at which point of the 
life cycle the study should begin. Most brown algae in 
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FIG. 2. Sketch of Virgin Reef area, Pt. Loma, showing patches composed of algae with characteristic canopy guilds, 
including the floating canopy of Macrocystis, the stipitate canopy of Pterygophora and Eisenia, the prostrate canopy of 
Laminariafarlowdi and Cystoseira and patches of turf and encrusting coralline algae. See text for details. 

this study have the typical Laminariales life cycle in- 
volving an alternation of generations between the large 
asexual sporophyte and the microscopic sexual ga- 
metophytes. Briefly, biflagellate In zoospores are re- 
leased from sporophylls of the sporophyte; these settle 
on the substratum and grow into microscopic game- 
tophytes, the males of which liberate biflagellate sperm 
or antherozooids. These sperms fertilize the eggs at- 
tached to the female gametophytes. The embryo grows 
into the large 2n sporophyte. In this study no attempt 
was made to quantify the zoospores, which number in 
the millions (Anderson and North 1966, Chapman 
1979, Kain 1979), or to measure the survivorship of 
the gametophytes. Neushul et al. (1976), Lining and 
Neushul (1978), Charters et al. (1973), and Devinny 
and Volse (1978) attempted this, and the survivorship 
of gametophytes is apparently very low. Furthermore, 
Macrocystis gametophytes live <50 d in the field (L. 
Deysher and T. Dean, personal communication). 

We measured recruitment from the first appearance 
of small (t 5 mm) blades visible to the naked eye. 
These tiny blades cannot be identified to species until 
they are 2-10 cm long, which takes 10-45 d. Their 
growth rates depend critically upon the availability of 
nutrients and the clarity and temperature of the water. 
We mapped these small blades during each visit. Blades 
that survived long enough for specific identification 
were traced through previous maps, and the date of 
recruitment of each individual was recorded. Obvious- 
ly, the date of fertilization preceded our record of ger- 

mination, but the time from zoospore liberation to 
visible recruitment is extremely variable (Neushul 1963, 
North 1971, Chapman 1979). Methods used to deter- 
mine survivorship through various growth stages are 
discussed in Results. 

Simple manipulations were done to test various hy- 
potheses. Canopies were removed or thinned by cutting 
stipes with hedgecutters or simply by dislodging the 
holdfasts. To seed an area with kelp species, we placed 
sporogenic material in a small mesh bag that was nailed 
or tied to the substratum. Cages, made of 1.3-cm mesh 
monofilament net wrapped over wire or plastic frames, 
were monitored regularly for fouling. There was no 
evidence of any inhibition of light (inside and outside 
measurements of light intensity were identical) or of 
surge. We used unsophisticated instruments to mea- 
sure the amount of light absorbed by each canopy. 
Because the units were variable and the precision was 
unknown, we report here only the observation that all 
light-meter readings inside and outside each canopy at 
Pt. Loma consistently indicated that 90-98% of the 
incident light was absorbed by each canopy of brown 
algae. 

The most important cause of mortality ofestablished 
Macrocystis plants is entanglement with other drifting 
plants. These drifters dislodge attached Macrocystis 
plants; as they drift, they pick up additional plants, and 
the result is a "snowball" effect. Rosenthal et al. (1974) 
observed a "snowball" containing up to 19 detached 
plants. We studied entanglement by drifters from Au- 
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TABLE 1. Abundance of kelps and turf at the Virgin Reef area, Pt. Loma, summer, 1972. Quadrats were placed haphazardly 
within each patch type except the Macrocystis forest, where consecutive quadrats along the transect line were censused. 
n = no. of quadrats. 

Kelp abundance (no. individuals/r2) Algal 

Laminaria Cystoseira Pterygophora Eisenia Macrocystis turf 
farlowii osmundacea californica arborea pyrifera cover 

Patch type and area n x? SD X SD X ? SD X? SD X ? SD (%) 

Laminaria Cystoseira patches 
in Virgin Reef area 17 6.7 ? 0.8 2.0 ? 1.8 0 0 0 78 

Laminaria Cystoseira patches 
100 m south of Virgin 
Reef area 27 7.1 2.2 0.9 1.1 0 0 0 61 

Pterygophora/Eisenia patch 
by Virgin Reef 25 1.3 ? 3.8 2.8 ? 3.3 6.4 ? 0.8 0.9 ? 3.7 0 5 

Pterygophora patch southeast 
of Virgin Reef 7 0 0.1 ? 0.4 7.6 ? 0.9 0 0 4 

Pterygophora patch north 
of transect 10 0.4 ? 0.5 0.1 ? 0.3 7.5 ? 0.5 0 0 2 

Macrocystis forest 400 0.03 ? 0.5 0 0 0 0.1 ? 0.3 0 
Top of Virgin Reef, mixed 

turf 5 0 1.6? 0.7 0 1.4 ? 0.5 0 98 
Boulders north of Virgin 

Reef; encrusting coralline 
algae 10 0 0.2?0.4 0 0 0 0 

gust 1973 through December 1976. Naturally and ar- 
tificially dislodged plants in the three Pt. Loma areas 
(Fig. 1) were tagged and monitored at approximately 
monthly intervals until the drifter disintegrated or until 
we could no longer locate it. Random belt transects 
(usually 15-25 m long and 2 m wide) totalling 1000 
m were censused every season in each of the Pt. Loma 
areas for several years for density, sizes of holdfasts, 
and number of stipes of Macrocystis drifters and the 
number of entangled but still-attached plants. 

Santa Catalina Island. -This study site was a small 
kelp bed immediately west of Bird Rock near the isth- 
mus on Santa Catalina Island (Fig. 1). The bed is pro- 
tected from the east, west, and south, but is exposed 
to some winter storms from the north. It is thus rela- 
tively protected from strong wind action. Summer tem- 
peratures are relatively high; surrounding surface waters 
are possibly nutrient poor. We established three tran- 
sects of 25 x 2 m each at the 5, 10, and 1 5 m isobaths. 

Pt. Piedras Blancas. -The kelp bed at Pt. Piedras 
Blancas (Fig. 1) was in an area dominated by reefs 
interspersed with small sandy areas along a sloping 
bottom 5-20 m in depth. Dictyoneurum californicum, 
articulated coralline turf, and a mixed understory of 
Pterygophora californica and Laminaria setchellii 
dominated the shallow areas of these reefs. Because the 
reefs were relatively small and discrete and thus rela- 
tively amenable to manipulations, we chose several 
study sites. Sites A and X were within a large Macro- 
cystis canopy at a depth of - 5-18 m. Site B was within 
an extensive Macrocystis forest at a depth of 10-1 3 m. 
Site C was at the shoreward margin of a Macrocystis 
forest at a depth of 6m. Site D was about 1.5 km east 
of the point in a dense grove of mixed Pterygophora 
and Laminaria setchellii on a rocky bottom at a depth 

of 9-10 m. Probably rarely were surrounding waters 
nutrient poor or temperatures stressfully high. Oceanic 
swells were generally northwesterly; southerly swells 
were associated with extreme winter storms. All sites 
were relatively shallow and were exposed to strong 
surge during the storms. 

Unless otherwise specified, statistical significance was 
determined by single X2 or t tests. A result was judged 
"significant" if P < .05. (In most significant cases, P 
was <.01.) 

RESULTS: PERSISTENCE OF PATTERNS 
WITHIN AND BETWEEN SITES 

Pt. Loma 

When the kelp forest off Pt. Loma was first surveyed, 
in 1857, it covered 15.4 km2. Its area was the same in 
the next survey, taken in 1911 (North 1971). These 
data, subsequent surveys, and the relative commercial 
harvest from this bed since 1916 are in North (1974). 
The bed maintained a relatively constant size during 
the late 1940s and the early 1950s, and then it declined 
relatively rapidly until 1962, when it occupied only 
0.03 km2 and yielded only 0.1 percent of the 1917 
harvest (Fig. 3). Almost all of the kelp forests of south- 
ern California declined similarly (North 1971). Heavy 
grazing by sea urchins was the main proximal expla- 
nation for the decline (Leighton et al. 1966). According 
to several nonexclusive hypotheses, this shift to heavy 
grazing was due to (1) local extinction in the early 1800s 
of sea otters, an important predator of urchins and 
abalones; (2) overharvesting of kelp; (3) pollution from 
wastes; (4) overfishing by scuba divers of sea urchin 
predators (lobster and sheephead) and of possible sea 
urchin competitors (abalones); and (5) a change in near- 
shore currents that caused unusually warm water be- 
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FIG. 4. Densities and survivorship of kelps at Pt. Loma. A. Densities of adult Macrocystis over 10 yr at three isobaths. B. 
Survivorship of 321 Macrocystis plants observed to reach the surface in early 1974. C. Survivorship of kelps observed to 
recruit at - 15 m. Curves drawn from Tables 2-6. 

tween 1957 and 1959 (Chelton et al. 1982). But the 
sea otters had been locally absent for some 130-150 
yr, (Ogden 1941), and the kelp harvest had been con- 
stant during the early part of the century, so it is un- 
likely that either contributed much to the decline. The 
other hypotheses may at least partially explain the de- 
cline. In the mid-1960s, programs to reduce the sea 
urchin densities and procedures to improve sewage 
disposal were correlated with a recovery of the kelp 

bed. Since 1967, the size of the bed has remained rel- 
atively constant. For the last 10 years there have been 
only localized urchin-abatement programs and a de- 
veloping urchin fishery (Tegner 1980). Most of the re- 
cent fluxes seen in Fig. 3 were apparently caused by 
storms and, in some inshore and south Pt. Loma areas, 
overgrazing by sea urchins. 

On a smaller scale, our study patches of Macrocystis, 
Pterygophora/Eisenia, and Laminaria/Cystoseira (Ta- 
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TABLE 2. Life table for Macrocystis pyrifera at 15 m in Pt. 
Loma kelp forest. Four size classes were sampled as dis- 
cussed in the text: of 1543 small blades, 300 survived 3 
mo, to 5 cm; of these 300, 259 survived 6 mo, to 2 m; of 
259, 35 survived 9 mo, to reach the surface. The adjacent 
permanent transect had 321 plants of the same cohort reach 
the surface and the life table was calculated from these 
plants; back-extrapolated numbers are based on these 321 
plants and the percent survivorship of each of the censused 
size classes. 4x refers to the number of plants out of a cohort 
of 100 000 surviving to age x. e, is the mean expectation 
of further life, at age x. qx is the annual per capita mortality 
rate at age x. 

Number alive 

Back- 
Age Ob- extrap- 
(mo) served olated 4. e. q. 

0 1543 14 152 100 000 0.24 .999 
3 300 2752 19 446 0.49 .445 
6 259 2375 16 782 0.30 .999 
9 35 321 2268 1.16 .759 

12 225 1590 1.35 .502 
15 189 1336 1.34 .690 
18 141 996 1.50 .362 
21 126 890 1.41 .359 
23 117 827 1.35 .346 
25 109 770 1.27 .373 
28 97 685 1.17 .730 
30 78 551 1.26 .808 
34 45 318 1.74 .239 
36 43 304 1.64 .524 
38 38 269 1.68 .377 
44 30 212 1.57 .241 
47 28 198 1.42 .589 
48 26 184 1.44 .330 
53 22 155 1.07 .643 
56 17 120 1.10 .876 
58 12 85 1.35 .407 
60 11 78 1.29 0 
61 11 78 1.21 0 
63 11 78 1.04 .382 
68 9 64 0.81 .501 
75 6 42 0.50 .875 
79 3 21 0.50 .848 
86 1 7 

ble 1, Fig. 2) remained constant. The borders between 
the patches were first observed and marked in 1970 
and 1971 and remained virtually unchanged through 
1981. Moreover, R. McPeak (personal communica- 
tion) has observed that at least one Pterygophora patch 
has persisted since 1946. There are, however, excep- 
tions: Macrocystis has invaded a Pterygophora patch 
and a Laminaria patch, and a Pterygophora patch was 
invaded by Eisenia. During the study period, we never 
saw a lower canopy guild invade a patch with an over- 
story; that is, no Laminara nor Pterygophora invaded 
Macrocystis, but the reverse occurred to a very limited 
extent. 

Survivorship of Macrocystis- Measurements of sur- 
vivorship of Macrocystis were begun in the summer 
and fall of 1971 at a depth of 15 m. Only two of the 
original 40 adult plants survived through spring 1974. 
The ages of these plants at the beginning of the study 
were not known. However, the size of the holdfast is 

a rough indication of the age of the plant, and by this 
index almost all the plants were 2-4 yr old. Most of 
the plants were approximately 5 yr old when they died. 
This corresponds with the life expectancy of Macro- 
cystis plants at Del Mar, California (Rosenthal et al. 
1974). 

The survivorship of all the plants that subsequently 
recruited to the surface canopy was followed through 
1980. There was a pattern of a large recruitment of 
cohorts following storm disturbances, and a subse- 
quent decline in density until the next strong recruit- 
ment. Fig. 4A shows the flux in the densities of the 
plants; Fig. 4B shows the survivorship of the 321 plants 
that reached the surface in 1974; and Fig. 4C shows 
the survivorship of Macrocystis and other kelps from 
the first appearance of small blades. The recruitment 
of the Macrocystis plants in the peak densities shown 
in Fig. 4B, C occurred during an upwelling in May and 
June 1973, following a major reduction in the surface 
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E/5enil arborea 
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FIG. 5. Frequency histogram of growth rings for Ptery- 
gophora caifornica ( ) and Eisenia arborea (--- -) in plants 
collected from the same place in 1971, 1974, and 1979,1 at 
the Virgin Reef, Pt. Loma. Numbers over bars are actual 
totals. 
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TABLE 3. Life table for Pteryogophora californica at 15 m, 
Pt. Loma. Ix refers to the survivors at start of age interval 
x, e, refers to mean expectation of life for individuals alive 
at start of age interval x, and q. refers to the mortality rate 
during age interval x to x + 1. The lx data are calculated 
from the q, column, which is calculated from the two col- 
umns of observed plants. There was no observed mortality 
for the 4-5 year old plants. Therefore the (0.193) is esti- 
mated from the mean annual mortality rate of the popu- 
lation of plants first observed as adults. 

No. plants 
observed 

From 
Age recruit- As 
(yr) ment adults 4x e. q. 

0 80 1000 5.25 0.163 
1 67 838 5.17 0.104 
2 60 750 4.72 0.003 
3 58 725 3.87 0.276 
4 42 525 4.15 (0.193) 
5 83 424 4.02 0.048 
6 79 404 3.19 0.203 
7 63 322 2.88 0.127 
8 55 281 2.22 0.145 
9 47 240 1.51 0.213 

10 37 189 0.78 0.432 
11 21 107 

canopy by winter and spring storms. Surface water in 
late summer was unusually warm and was probably 
depleted ofnutrients (Jackson 1977), and the new plants' 
growth temporarily ceased while they were still 2-3 m 
from the surface. By late 1973, conditions had im- 
proved; the plants reached the surface in early 1974. 

Because new recruits occurred in patches of very high 
densities, different sampling schemes were employed 
to measure Macrocystis survivorship during three stages 
(from tiny-blade stage to plants that reached the sur- 
face). The survivorship of new recruits through the t 5- 
cm stage had to be monitored where there was rea- 
sonable certainty that all the tiny blades were Macro- 
cystis. This was done by picking small fixed quadrats 
that included 30-150 blades. The blades were mapped 
and their survivorship was followed. This stage had a 
high mortality: only 300 of the 1543 observed recruits 
survived to reach 5 cm in length. 

The next stage spanned the barely identifiable z5- 
cm plants through plants 1-2 m tall. The fixed quadrats 
for monitoring survivorship at this stage were usually 
1-16 M2. Possibly because these plants were monitored 
during relatively good environmental conditions in 
1973 and 1974, when the plants grew fast, their sur- 
vivorship was surprisingly high: 259 of the 300 ob- 
served 5-cm plants grew to be at least 1-2 m tall. 

The third growth stage, plants from 2 m to the sur- 
face, was monitored in 5 x 2 m and 15 x 2 m tran- 
sects, and in several 16-M2 quadrats. During this stage, 
there was considerable self-thinning due to entangle- 
ment with cohort neighbors; only 35 of 259 plants 
survived to reach the surface. The young plants wrapped 

around each other until they formed ropelike masses; 
then either the stipes broke or the holdfasts, still weakly 
developed, pulled free of the substratum. Either event 
usually killed the plant. On several occasions, however, 
the loose holdfast of an entangled plant became tangled 
in the holdfast of the attached plant and survived with 
the two holdfasts growing together. Within a few months 
the plants were superficially indistinguishable from sol- 
itary plants. 

The life table (Table 2) was calculated from survi- 
vorship in each size stage. That is, 300 of 1543 recruits 
survived to 5 cm; 259 of 300 plants reached 1-2 m; 
only 35 of these 259 reached the surface. In most cases 
these were plants that had originally been counted. The 
35 plants reaching the surface represented ;:2% of the 
1543 recruits. Because we were concerned about pos- 
sible monitoring disturbances due to entanglement with 
divers, these observations were made alongside but not 
on the permanent 1 00 x 4 m transect. On this transect, 
321 plants from the same cohort reached the surface. 
To connect the two methods of estimating mortality, 
we assumed that these 3 21 adult plants represented 3 5/ 
1543 of the original recruits. Hence, the calculation of 
Table 2 involved back-extrapolating the original re- 
cruitments as follows: 321/(35/1543) = 14 152. The 
subsequent survivorship data were for the 321 plants. 
Calculating life tables usually includes multiplying 
through by 1 000, but, because the extrapolated number 
of recruits was so large, Table 2 was normalized to 
100 000. 

Survivorship of Pterygophora and Eisenia.-In the 
Virgin Reef area at Pt. Loma, Pteryvgophora californica 
occurred in large patches, some of which may have 
covered > 1 ha. Data on Pteryvgophora density and age 
frequency were collected west of Virgin Reef and north 

TABLE 4. Life table for eisenia arborea at 15 m, Pt. Loma. 
4refers to the survivors at start of age interval x, ex refers 

to mean expectation of life for individuals alive at start of 
age interval x, and qx refers to the mortality rate during age 
interval x to x + 1. The 4x data are calculated from the qx 
column, which comes from the two columns of observed 
plants. 

No. plants 
observed 

From 
Age recruit- As 
(yr) ment adults 4x ex q 
0 37 1000 7.32 0.081 
1 34 919 6.92 0.088 
2 3 1 838 6.54 0 
3 31 53 838 5.54 0.065 
4 29 50 784 4.88 0.060 
5 47 737 4.16 0.191 
6 38 596 4.03 0.079 
7 35 549 3.33 0 
8 35 549 2.33 0.114 
9 3 1 486 1.57 0.129 

10 27 423 0.72 0.556 
1 1 12 188 
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TABLE 5. Life table for Laminariafarlowii at 15 m, Pt. Loma. 
IX refers to the number of plants surviving to age x; qx is 
the annual per capita mortality rate at age x; and e, is the 
mean expectation of fruther life in years, at attainment of 
age x. 

No. 
Age observed 
(yr) alive ll ex 4x 
0.2 531 1000 .97 .648 
0.5 315 593 .95 .684 
1.0 177 333 1.00 .661 
1.5 103 194 1.04 .704 
2.0 56 105 1.12 .609 
2.5 35 66 1.28 .406 
3.0 27 51 1.08 .395 
3.5 21 40 .80 .816 
4.0 9 17 1.05 .556 
4.5 6 11 .98 .556 
5.0 4 8 .75 .750 
5.5 2 4 .75 .000 
6.0 2 4 .25 1.000 
6.5 0 0 

of the Macrocystis transect. There were no substantial 
differences between these local sites in 1971, but all 
the Pterygophora baseline survivorship quadrats were 
in the area west of Virgin Reef. Age frequencies were 
calculated from growth rings that, judging from the 
progression of the modal peaks at five rings in 1971, 
eight rings in 1974, and thirteen rings in 1979 (Fig. 5), 
represented annual increments. 

The Pterygophora life table (Table 3) was not cal- 
culated in the same manner as the Macrocystis life table 
for several reasons. Once established, Pterygophora 
lived longer than the duration of this study, so it was 
not possible to follow the survivorship of a cohort. It 
was generally impossible to measure survivorship of 
tiny plants, because the plants could not be identified 
to species until they were at least 15-30 cm long, and 
most mortality had occurred by that time. For these 
reasons, the "recruits" were identifiable plants at least 
15-30 cm in total length that may have been as old as 
3 mo. Very early mortality was thus not included in 
the life table. Survivorship of the 80 plants observed 
to recruit in the quadrats was used to estimate survi- 
vorship for 0-5 yr. These recruits were first observed 
over several seasons, so they did not represent a true 
cohort. Survivorship of plants older than 5 yr was es- 
timated from the observed mortality of 83 tagged adult 
plants present in 1971, which were predominantly (73%; 
Fig. 5) five- and six-year-olds. The inclusion of six- 
year-olds tended to increase estimates of mortality rates, 
but this was partially balanced by the inclusion of the 
younger age classes, which have a lower mortality rate. 
The survivorship column (and the curve in Fig. 4C) 
were calculated from the qx column. 

Eisenia arborea, which generally occurred in the study 
area in sites exposed to wave surge, grew as scattered 
individuals on the top of Virgin Reef as well as on the 
tops of large boulders and isolated reef outcrops. In 
1971, the Pterygophora patch in front of Virgin Reef 

had a density of 0.9 Eisenia/m2 and 6.4 Pterygophora/ 
mi2. During this study, Eisenia seemed to replace Pter- 
ygophora (1.8 Eisenia/m2 and 3.5 Pterygophora/m2 in 
1977) in this patch, but similar replacement was not 
seen in other Pterygophora patches. It is not clear why 
Eisenia invaded the Virgin Reef Pterygophora patch, 
although our intensive diving programs in that spot 
may have caused an opening in the canopy that allowed 
invasion by Eisenia that was seeded from the nearby 
plants on top of the reef. In our Virgin Reef study area, 
Eisenia was near the deep end of its vertical distri- 
bution range at Pt. Loma. When it grew along areas 
with high surge, such as the top of Virgin Reef, or along 
more shallow areas, the Eisenia plants were relatively 
short (30-50 cm) and bushlike (Charters et al. 1969). 
However, Eisenia growing in the Pterygophora canopy 
assumed a morphology almost identical to Pterygo- 
phora: the plants were exactly the same height (80-120 
cm), and the characteristic Eisenia stipe bifurcation 
was not conspicuous. When the canopy was seen from 
above or below, it was hard to differentiate the species. 
In crowded canopies, identification required a careful 
examination of the top of each stipe for the bifurcation. 

The Eisenia life table (Table 4) was computed like 
that of Pterygophora, except that the extant plants were 
assumed to be 3 yr old when first observed (Fig. 5). 
Thus, 81% of the observed 1971 population were 3 yr 
old or older. These results concern plants in the Pter- 
ygophora canopy, not those isolated plants on top of 
Virgin Reef. Survivorship was similar for Eisenia and 
Pterygophera (Fig. 4C). 

Survivorship of Laminaria and Cystoseira.-The 
patches of prostrate kelps, dominated mostly by Lam- 
inariafarlowii, varied in size from 1 to 40 M2. As with 
the other patch types, Laminaria borders adjacent to 
Pterygophora and Macrocystis were essentially invar- 
iant from 1971 through 1979. Unlike the relatively 
long-lived Pterygophora and Eisenia, most of the L. 

TABLE 6. Life table for Cystoseira osmundacea at 15 m, Pt. 
Loma. 4x refers to the number of plants surviving to age x, 
qx is the annual per capita mortality rate at age x; and e. is 
the mean expectation of further life in years, at attainment 
of age x. 

No. 
Age observed 
(yr) alive 4x e. qx 

:0.2 198 1000 1.14 .535 
0.5 135 682 1.05 .683 
1.0 76 384 1.16 .694 
1.5 42 212 1.40 .524 
2.0 29 146 1.42 .424 
2.5 22 111 1.29 .535 
3.0 15 76 1.26 .360 
3.5 12 61 1.00 .660 
4.0 7 35 1.09 .490 
4.5 5 25 .88 .640 
5.0 3 15 .80 .556 
5.5 2 10 .55 .750 
6.0 1 5 .30 1.000 
6.5 0 0 
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FIG. 6. Density (A) and survivorship (B) curves of adult Macrocystis at three isobaths at Bird Rock, Santa Catalina Island 
over 8 yr. 

farlowdi had a relatively short life expectancy (Table 
5), even though five plants from 1971 were still alive 
in 1977, when the last surveys were made. The life 
table (Table 5) was calculated from only the 531 plants 
observed to recruit and grow large enough to be iden- 
tified. Because there was a high turnover with no ap- 
parent year-to-year variation in recruitment or mor- 
tality, these data were pooled over years. 

Cystoseira, like Eisenia, appeared to be near the low- 
er limit of its depth range, and all the plants appeared 
to be stunted. In contrast, there are luxuriant floating 
canopies in more shallow and protected areas such as 
Pacific Grove, California. At Pt. Loma, Cystoseira 
plants are uncommon and scattered. This alga seemed 
to occur most abundantly in Laminaria patches, al- 
though it also occurred at low densities throughout the 
Pterygophora and Eisenia patches (Table 1). Even very 
small Cystoseira are readily identifiable, so consider- 
able recruitment was observed despite the fact that very 
few plants became reproductive. Many adult Cysto- 
seira observed in 1971 survived through 1977, and the 
189 Cystoseira observed alive in 1971 had a higher 
survivorship than the 198 observed to recruit. Cysto- 

seira that survived > 1 yr had a higher life expectancy, 
but the survivorship and turnover rates of those ob- 
served to recruit were similar to those of Laminaria 
and Macrocystis (Fig. 4C; Table 6). 

In summary, patch constancy at Pt. Loma was ex- 
emplified by sharply defined and apparently stable 
boundaries. With the exception of patches of Ptery- 
gophora and Eisenia, each of the many marked patches 
persisted beyond the life expectancies of its component 
species. Since there was turnover within the patches 
but little invasion, we concluded that the patches were 
stable in persistence for several generations. 

Santa Catalina Island 
Survivorship of Macrocystis.-The work at Santa 

Catalina Island focused on a survey of Macrocystis 
rather than on patch dynamics. A's at Pt. Loma, the 
Macrocystis population size at three depth contours 
has clearly undergone major oscillations through time 
(Fig. 6). Nevertheless, the kelp bed at Bird Rock, Santa 
Catalina Island, has been present for many years. Hence 
this Macrocystis forest also has had a persistence sur- 
passing turnover times of its species (Fig. 6B). Re- 

This content downloaded from 129.174.21.5 on Wed, 30 Oct 2013 14:15:37 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


264 PAUL K. DAYTON ET AL. Ecological Monographs 
Vol. 54, No. 3 

52 

0.20- Laminar/a setcheiul 

0.15 - 
2 29 28 26 25 

2 0.10 - 21 22 

12 
o .05 - 
0L o ~~~~~~~~5 

0.0 ---- - 

41 Pteryaophorc z 
ae 0.20 cafi9 Nuc 

LUJ 32 

IL0.15- 

20 19 20 
0.10 19 

13 14 

0.05 -7 

0.0- - 
I 2 3 4 5 6 7 8 9 10 11 12 

NUMBER OF ANNUAL RINGS 

FIG. 7. Frequency histogram of growth rings of Laminaria 
setchellii and Pterygophora californica collected in the same 
area at Pt. Piedras Blancas, April 1977. Numbers over bars 
are actual totals. 

cruitment on the three transects at Bird Rock paralleled 
but preceded the 1974 peak at Pt. Loma. This paral- 
lelism probably resulted from major disturbances at 
both sites by storms early in 1973; however, Macro- 
cystis recruited and grew to the surface faster at Bird 
Rock, probably because the water there is much clearer. 
On the other hand, the shallower Bird Rock plants were 
more susceptible to storm damage and warm summer 
water with its presumably lower nutrients, and this may 
be why their survivorship was lower than that of adult 
plants at Pt. Loma (compare Figs. 4B and 6B). The 
constancies of patches of Macrocystis and of various 
understory species were not monitored, but the recip- 
rocal clearing experiments discussed later suggested 
considerable inertia. 

Pt. Piedras Blancas 

Our study at Pt. Piedras Blancas, held 1976-1979, 
did not yield many data regarding the long-term con- 
stancy of patches in this relatively shallow, wave-ex- 
posed area. However, from field trips beginning in 1972, 
we know that the Macrocystis patch was present on the 
reef each summer, and that winter storms often thinned 
it considerably. The patches of Nereocystis, Macrocys- 
tis, Pterygophora/Laminaria setchellii, Dictyoneurum 
californicum, and articulated coralline algae seemed 
relatively invariant between 1976 and 1979. 

In the southern California kelp forests, patches were 
seasonally constant over several years; in contrast, the 

central California kelp forest was dominated by sea- 
sonal events. For example, Nereocystis is an annual 
plant. Also, the Macrocystis canopy was heavily thinned 
by winter storms and then would regrow from holdfast 
and remaining stipes, and from recruitment of new 
plants. After winter sporulation, the Pterygophora, L. 
setchellil, and Dictyoneurum fronds degenerated until 
there was little canopy. Since many of the ephemeral 
understory species began growth before the overstory 
canopies formed in the spring, the increased light on 
the bottom following winter degeneration of the can- 
opies may have been responsible for the rich under- 
story. The age-frequency distributions (based on stipe 
rings) of Pterygophora and L. setchelili (Fig. 7) sug- 
gested that these populations did not have the pulsed 
recruitment patterns of Pterygophora and Eisenia in 
southern California (Fig. 5). These distributions also 
suggested that the patches had been present for at least 
10 yr, during which the stipitate populations had had 
a fairly regular recruitment. 

Despite the physical differences among Pt. Loma, 
Santa Catalina Island, and Pt. Piedras Blancas, patch 
persistence seemed to be similar among these areas. 
The borders of the patches persisted throughout the 
study, and judging by life spans of component species, 
patches persisted much longer than the time taken by 
our study. Although we had no direct long-term ob- 
servations in central California, different patch types 
in different habitats appeared to have similar constancy 
patterns despite markedly different demographic pat- 
terns of the populations. 

RESULTS: INERTIA 
(RESISTANCE TO INVASION) 

The fact that kelp patches persist longer than turn- 
over times of their component populations suggests 
that the patches are resistant to changes resulting from 
invasion or competitive exclusion, or from other per- 
turbations such as "normal" storms or grazing. Main- 
tenance of such local equilibria could result if (1) other 
potential colonists are excluded by intolerable local 
physical conditions or by dispersal limitations; (2) new 
colonists grow slowly, so that colonization is not im- 
mediately apparent; or (3) various biological interac- 
tions maintain the integrity of the patch. 

Because the borders of most patches seemed roughly 
invariant, we asked why the edges were stable even 
though the algae comprising one patch might have been 
expected to out-compete and displace those in another. 
(Consider the eventual displacement of Postelsia by 
mussels in the absence of disturbance [Dayton 1973, 
Paine and Levin 1981]). In each study site, reciprocal 
clearings were established to test hypotheses about the 
effects of various types of canopy competition. 

Resistance to invasion is potentially encouraged by 
three general mechanisms: (a) the presence of an over- 
story inhibits the development of understories, (b) the 
presence of understory canopies adversely affects the 
recruitment of overstory species, and (c) limits to the 
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effective distance of spore dispersal reduce the prob- 
ability of a successful invasion. We examined these 
mechanisms at each study site. Most of these experi- 
ments were begun in 1974; exceptions are noted. 

Pt. Loma 

Effects of canopies on Macrocystis.-Despite the 
presence of adult Macrocystis next to a thick Lami- 
naria/Cystoseira patch, Macrocystis did not invade the 
patch during this study. However, when a 4_M2 area 
was cleared of Laminaria and Cystoseira (Fig. 8A), 
108 Macrocystis sporophytes recruited into a 0.25-iM2 
quadrat; 18 of these survived 3 mo. Some of the 108 
tiny blades might not have been Macrocystis, but all 
of the 18 survivors were Macrocystis. The adjacent 
uncleared control had no recruitment of Macrocystis 
(Fig. 8A). The one adult Macrocystis that survived 
through this experiment grew to be a very large plant 
whose holdfast eventually covered much more than 
the 0.25-iM2 quadrat. Several Macrocystis that recruit- 
ed after the experiment also survived. By the second 
year after the experiment, Macrocystis entirely filled 
the 4_M2 cleared area; it persisted through 1982. 

Two other experiments in patches of Laminaria! 
Cystoseira (not shown in Fig. 8) are relevant to Ma- 
crocystis recruitment. In 1971, we cleared 1 m2 of a 
Laminaria patch that was >30 m from the nearest 
adult Macrocystis. Several Macrocystis eventually ger- 
minated. A drifting adult Macrocystis plant nearby was 
the suspected source of the Macrocystis spores. A non- 

cleared control only 1 m from the clearing had no 
Macrocystis recruits. Two of the recruits to the cleared 
area survived to be long-lived adults. In 1980 we ob- 
served an isolated patch of seven large Macrocystis 
covering an area much larger than the original clearing. 
Once the Macrocystis patch was established in the 
Laminaria patch, it evidently slowly expanded. 

In the second experiment, a clearing in a Laminaria! 
Cystoseira patch at least 10 m from the nearest Ma- 
crocystis was made at the same time as the experiments 
shown in Fig. 8. In this case no Macrocystis were iden- 
tified in either the clearing or the adjacent control. This 
supports the hypothesis that Macrocystis spore dis- 
persal can be limited (Anderson and North 1966). In 
an additional test of this hypothesis, we filled small 
bags with fertile Macrocystis sporophylls and nailed 
them in a -iM2 clearing in a Laminaria/Cystoseira 
patch. We similarly "seeded" an uncleared control 
nearby (Fig. 8B). The cleared area had 148 recruits; the 
control, 42. All recorded recruits were identified. The 
differences between the cleared and control areas were 
obvious. Interestingly, Macrocystis had a higher rate 
of survival in the uncleared control than in the cleared 
area, especially in the early stages. In both cases, the 
new Macrocystis patches persisted through 1979, and 
new plants have recruited from these plants. Thus, with 
heavy seeding, Macrocystis can invade a patch of pros- 
trate kelp. 

Comparison of the uncleared control in which no 
Macrocystis recruited naturally from adjacent adult 
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FIG. 9. Survivorship of Pterygophora recruits in various patches at Pt. Loma. Procedures and symbols as in Fig. 8. 

plants (Fig. 8A) with the uncleared control in which 
42 plants recruited from a presumably heavy inocu- 
lation of spores held against the substratum (Fig. 8B) 
indicates that light is not the sole factor preventing 
early growth of sporophylls. Thus, part ofthe inhibition 
by the Laminaria/Cystoseira canopy was probably 
caused by the canopy's physical interference with spore 
settlement and gametophyte survivorship. However, 
since the inoculated clearing had many more recruits 
than the inoculated uncleared control, Laminaria/Cys- 
toseira canopy inhibition evidently resulted from both 
interference with spore settlement and competition for 
light. 

Results were nearly identical in Macrocystis-Ptery- 
gophora experiments. When Pterygophora adjacent to 
Macrocystis were cleared, there was a heavy recruit- 
ment of Macrocystis in the clearing. There was no re- 

cruitment in the uncut control (Fig. 8C). There was no 
Macrocystis recruitment in a Pterygophora clearing 15 
m from the nearest Macrocystis plant (these negative 
data are not included in Fig. 8). Further, when a clear- 
ing was seeded with Macrocystis spores (Fig. 8D), there 
was recruitment of Macrocystis in both the clearing 
and the control, but recruitment in the clearing was 
higher than in the control. The Macrocystis that re- 
cruited from inoculated spores survived in the Lam- 
inaria patch, but none survived under the Pterygo- 
phora canopy. This suggests that Pterygophora patches 
are more difficult to invade than are Laminaria/Cys- 
toseira patches. 

The final Macrocystis experiment evaluated the ef- 
fects of the Macrocystis canopy on its own recruitment 
(Fig. 8E and F). In this experiment a 20 x 20 m clear- 
ing was established in the middle of a Macrocystis for- 
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FIG. 10. Survivorship of Eisenia arborea recruits in patches of Pterygophora. Symbols and procedures as in Fig. 8. 

est; also, five permanent 1-_M2 quadrats were monitored 
as controls. No recruitment occurred in the control 
quadrats, but 44 recruits were identified in the clearing. 
After spores were inoculated, 173 recruits were iden- 
tified in the clearing, whereas only 15 were identified 
in the controls, and those 15 soon died. The differences 
in recruitment were dramatic, but during this experi- 
ment there were no survivors in either the clearing or 
the controls. In this forest, there was no canopy to 
interfere with the light. Grazing fishes and inverte- 
brates were uncommon in the middle relative to the 
edge of the Macrocystis, so this type of grazing was 
unlikely to be responsible for the lack of recruitment. 
There was evidence of nutrient depletion, at least in 
the surface water (Jackson 1977). (Nutrients may be 
important resources limiting germination at San On- 
ofre, near San Clemente, California [L. Deysher, per- 
sonal communication]). During the period of this ex- 
periment there were adequate light and nutrients for 
growth in the other experiments outside the kelp forest. 
Thus it seems reasonable to hypothesize that nutrient 
depletion in the bottom waters of this Macrocystis patch 
was responsible for the lack of recruitment. We ex- 
phasize that Macrocystis often recruits within naturally 
produced clearings in kelp forests after adult plants 
have been pulled free. Even our experimental clearings 
were eventually filled with recruits that survived to 
become adults. The successful recruitment of Macro- 
cystis inside a kelp forest may depend upon the cross- 
shore influx of water from periodic upwelling of clear, 
cool, and presumably nutrient-rich water. The trans- 
port presumably is via internal waves. 

In summary, the other canopy species significantly 
inhibited Macrocystis germination and recruitment, but 
there was greater survivorship of those Macrocystis 
that did germinate below a Laminaria/Cystoseira can- 
opy. In most cases, light was apparently the limiting 
resource. However, the lack of successful recruitment 
in a clearing inside a large Macrocystis patch suggests 
that nutrients may also limit recruitment. Dispersal of 
spores from attached Macrocystis seems limited with 
regard to the ability to invade other patches. 

Effects of canopies on Pterygophora and Eisenia. - 
The ability of Pterygophora to invade other patches 
was evaluated with a similar set of of experiments (Fig. 
9) initiated in the fall of 1973. Eisenia is fertile in the 
late summer and the fall, and Pterygophora is fertile 
in the late fall and the winter (McPeak 1981, P. K. 
Dayton, personal observations). Dispersal of Pterygo- 
phora, like that of Macrocystis, seemed to be limited. 
It recruited in clearings in patches of Laminaria/Cys- 
toseira and Macrocystis that were adjacent to adult 
Pterygophora (Fig. 9A and F). But it did not recruit in 
unseeded clearings in patches of Laminaria and Ma- 
crocystis that were not adjacent to Pterygophora (neg- 
ative data not included in Fig. 9). This nonadjacent 
Laminaria clearing was only 2 m from the nearest 
Pterygophora. Pterygophora recruited from spores in- 
oculated in clearings and controls in patches of Lam- 
inaria!Cystoseira, Pterygophora, and Macrocystis (Fig. 
9B, E, G, and H). The clearings had more recruits and 
better survivorship, suggesting that spore availability 
and light are important determinants of the success of 
Pterygophora populations invading different patches. 
Pterygophora recruitment was evaluated in the clear- 
ings and controls (Fig. 9D) as well as in a 4_M2 area in 
which the Pterygophora population had been thinned 
by 50% (Fig. 9C). There was some recruitment in the 
cleared area and none in the control. In contrast, there 
was a much heavier recruitment in a seeded clearing 
and its control (Fig. 9E). This again emphasizes the 
importance of both spore dispersal and light to the 
germination and survival of Pterygophora. 

Eisenia did not form canopy patches; rather, it gen- 
erally was a minor component of the Pterygophora 
canopy or grew in abundance only in the vicinity of 
reef tops. Factors affecting Eisenia recruitment ap- 
peared to be similar to those affecting Pterygophora, 
except that the Eisenia seemed more shade-tolerant 
(Fig. 10). 

Effects of canopies of Laminaria and Cystoseira.- 
Laminariafarlowii had a faster turnover rate than the 
previously mentioned species (Table 5), and it survived 
better in these experiments than did other species (Fig. 
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FIG. 1 1. Survivorship of Laminaria farlowii recruits in various patches. Procedures and symbols as in Fig. 8. 

1 1). A clearing in a Laminaria patch had essentially 
the same Laminaria recruitment and survivorship 
through identifiable size with and without a canopy, 
but later survivorship was better in the absence of a 
canopy (Fig. 1 1 A). In a clearance experiment in a Pter- 
ygophora patch adjacent to Laminaria, there was a 
marked effect of canopy on both recruitment and sur- 
vival (Fig. 1 B), but there were fewer recruits in a 
Pterygophora patch many metres from other Lami- 
naria (Fig. 1 IC); this suggests some dispersal limita- 
tions. However, there was still much more recruitment 
than in the clearing (Fig. 1 1 C). In the Pterygophora- 
thinned patch adjacent to a Laminaria patch, there 
was considerably more recruitment in the canopy- 
thinned area (Fig. 1 1 D). In a Pterygophora patch seed- 
ed with Laminaria farlowli, recruitment was similar 
to that in the absence of a canopy, but survivorship 
was dramatically higher (Fig. 1 1E). Finally, in a Ma- 

crocystis patch, both the recruitment and survivorship 
of Laminaria were much higher in the absence of the 
Macrocystis canopy in both seeded and unseeded sit- 
uations (Fig. 1 1F-I). 

Unlike the Laminaria canopy, the Pterygophora 
canopy strongly inhibited the recruitment of Lami- 
naria. Some Laminaria did germinate under the Pter- 
ygophora canopy (Fig. 1 1B, C, D, and especially E), 
but survivorship was poor. In an experiment in a Pter- 
ygophora patch 3 5-40 m from a Laminaria patch, 
there was recruitment in both the clearing and the con- 
trol (Fig. 1 1 C). Although most of the original Lami- 
naria plants died within 21 mo, their descendants per- 
sisted through 1979 in a small dense patch mixed with 
Pterygophora. Seeding had a conspicuous effect on re- 
cruitment in both a clearing and a control, but the 
plants under the Pterygophora canopy still failed to 
survive (Fig. 1 lE). The Macrocystis canopy (controls 
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FIG. 12. Survivorship of Cystoseira osmundacea recruits into various patches. Procedures and symbols as in Fig. 8. 

in Fig. 1 1F-I) also significantly reduced but did not 
eliminate Laminaria recruitment. We were unable to 
quantify reproductive condition in Laminaria, but it 
was clear that none of the plants surviving under the 
Macrocystis canopy was large or healthy enough to 
become fertile. 

The response of Cystoseira to these canopy-clearing 
experiments was much the same as that of Laminaria, 
except that few Cystoseira recruited (Fig. 12). The same 
trends of higher recruitment and survival in clearings 
than under canopies were apparent, but the numbers 
were too low to allow any strong conclusions about 
canopy effects. Fig. 12 does not show the lack of recruits 
in the Macrocystis clearings and the unsuccessful at- 
tempts to seed the Macrocystis patch with Cystoseira. 
It is likely that none of the material we used to seed 
Cystoseira was fertile. It seems evident from the data 

in Fig. 12 that canopy influences the long-term survival 
of Cystoseira. 

It is clear from these experiments that Laminaria 
and Cystoseira dispersed more effectively than Macro- 
cystis and Pterygophora. This was further demonstrat- 
ed throughout this study by our field observations of 
relatively consistent recruitment of Laminaria and 
Cystoseira, which, however, usually did not survive to 
maturity. Though these species have a relatively high 
turnover rate (Tables 5 and 6), a few plants in Lami- 
naria/Cystoseira patches survived throughout the study. 
Thus, they seem to be opportunistic species that, in 
the right conditions, are capable of relatively long sur- 
vivorship. Indeed, the older plants had much tougher 
stipes, suggesting that a really complete demographic 
study would show different survivorship curves for 
young vs. old plants. 
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FIG. 13. Clearing experiments at Bird Rock, Santa Cata- 
lina Island, February 1971 through February 1972. Data are 
presented as means (? SD) of percent cover of Macrocystis 
canopies and ephemeral understory canopies dominated by 
Dictyotaflabellata, Pachydictyon coriaceum, and Dictyopteris 
undulata. Standard deviation calculated from arcsine-trans- 
formed data; depicted data have been back-transformed. 

Effects of turf on kelp recruitment. -Two simple turf- 
cropping experiments were done at Pt. Loma in De- 
cember 1974. First, a dense growth of Gelidium ro- 
bustrum interspersed with articulated coralline algae 
was cleared from two areas on top of Virgin Reef. 
Clearings and controls were adjacent to a large Ma- 
crocystis plant. We subsequently identified 82 and 105 
Macrocystis recruits in the turf clearings and none in 
the controls. Macrocystis survivorship in the clearings 
was not monitored, but 3 mo after recruits were count- 
ed, there were two robust Macrocystis plants in each 
clearing. These four plants survived > 2 yr before even- 
tually being lost in winter storms. 

Second, we cropped a turf of mostly Calliarthron 
spp. adjacent to a Pterygophora patch. Here, 49 Pter- 
ygophora and 17 Laminaria recruited to the 0.25-iM2 
turf-cleared areas, and only 7 Pterygophora recruited 
to the control. The small recruits in the control dis- 
appeared within 1 wk, whereas one Pterygophora and 
seven Laminaria persisted well over 1 yr in the clear- 
ings; they and their apparent descendents were still 
alive through 1982. 

The effects of various canopies on recruitment and 
survivorship of the algal turf species were not studied 
systematically, because the turf includes many taxa that 
we could not identify in the field. However, the dense 

recruitment of small, fleshy red algae on the various 
experimental structures indicated that some species are 
effective dispersers. Similar observations of fast re- 
cruitment of unidentified coralline algae on artificial 
structures corroborated early findings of effective re- 
cruitment (Johanson and Austin 1970). 

In summary, algal turf strongly inhibited recruitment 
of at least some kelps. Also, stipitates and Macrocystis 
appeared to inhibit the formation of turf, which was 
very sparse under their canopies (Table 1). 

Santa Catalina Island 
Effects of Macrocystis canopy on Macrocystis and 

understory. -Our research at Bird Rock, Santa Cata- 
lina Island, focused on Macrocystis survivorship. How- 
ever, additional experiments on other canopy species 
showed the same general patterns observed at Pt. Loma. 
In one experiment, the Macrocystis canopy was re- 
moved 15 February 1971 from an area 10 x 10 m at 
a depth of 7-10 m and near the transects at Bird Rock. 
Six 1 -M2 permanent quadrats in the clearing were es- 
tablished; they and two large boulders in the clearing 
were mapped and photographed. Four -iM2 control 
quadrats were similarly monitored in an adjacent area. 
In two of the quadrats in the clearing, we removed the 
understory species on 24 March 1971. The luxuriant 
Macrocystis occupied 8 5-100% of the canopy space of 
the control area in Feburary. But it declined through 
the summer until it was almost gone. It recovered the 
next winter (Fig. 1 3A). Although we do not know the 
reason for the canopy dieback, it probably involved an 
increase in warm water and a reduction of nutrients. 

In the Macrocystis clearings, the understory, com- 
posed almost entirely of Dictyotaflabellata and some 
Pachydictyon coriaceum, grew to relatively high abun- 
dances. The understory in the controls appeared to be 
released from light competition late in the summer 
when the natural canopy disappeared. On both boul- 
ders, there was immediate, very thick (>100 plants/ 
mi2) Macrocystis recruitment; these individuals also died 
back during the summer. Unlike the Macrocystis in the 
control, however, these Macrocystis maintained high 
(50-80%) canopy cover, and the understory grew very 
little. This suggested that, in addition to the effect of 
Macrocystis on understory growth, there was a recip- 
rocal understory effect on Macrocystis recruitment. 
There also were striking effects of both Macrocystis and 
understory on Macrocystis recruitment: 84 recruits/M2 
were counted in four Macrocystis-cleared quadrats, but 
only two recruits were counted in the four control quad- 
rats. In the two quadrats in which both the Macrocystis 
and the understory canopies were removed, Macro- 
cystis recruitment was almost twice (> 150 individuals/ 
m2) that in Macrocystis removal. A similar pattern 
occurred on the two boulders on which 206 plants were 
counted in a combined area of z0.5 m2. Heavy re- 
cruitment on the boulder tops was probably influenced 
by two factors. First, there was not much understory 
at the time of the overstory clearing; hence the Ma- 
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crocystis gametophytes were released from light com- 
petition in the same manner as those in the quadrats 
from which both canopies were removed. In addition, 
both the gametophytes and the young sporophytes were 
elevated off the bottom by at least 30 cm, which re- 
leased them from the effects of scour, sedimentation, 
and other surface phenomena (Devinny and Volse 1978, 
and this paper). 

Effects of understory on Macrocystis.- In the early 
1970s, the Macrocystis population at Santa Catalina 
did not grow much below a depth of 15 m. The rocky 
substrata in the deeper areas had a thick growth of 
Dictyota, Eisenia, Cystoseira, Laminaria, Agarum 
fimbriatum, and Sargassum muticum. The hypothesis 
that at greater depths the understory inhibits the de- 
velopment of Macrocystis was tested by using a series 
of clearings at two depth ranges: 15-18 m and 10-15 
m. At a depth of between 15 and 17 m, a 5 x 5 m 
clearing of Eisenia, Laminaria, and Agarum was es- 
tablished 17 November 1972. Five permanent quad- 
rats were monitored for Macrocystis recruitment. By 
2 February 1973, no recruits were seen. To test our 
hypothesis that the failure of recruitment resulted from 
restricted dispersal, we placed a small bag with fertile 
sporophylls in one of the quadrats. At the same time, 
two other understory clearings were established beside 
isolated mature Macrocystis plants at depths of 15 and 
18 m. By April 1973, there was a dense recruitment 
(>100 individuals/r2) of Macrocystis in the canopy- 
cleared areas that had been inoculated or that were 
adjacent to fertile plants. No Macrocystis recruited to 
any of the six quadrats in the uncleared controls, all 
of which had been "seeded." Macrocystis in the three 
cleared patches persisted at least through 1975, despite 
a fast recovery of the understory populations. 

A 5 x 5 m area at a 13-m depth was cleared of 
Macrocystis on 17 November 1972. Permanent quad- 
rats were not established, but the sudden increase in 
cover of understory species noted previously (Fig. 13) 
also occurred here. Finally, in May 1975 clearings near 
the 10 and 1 5 m isobath transect lines were established 
and followed for ; 1 yr. Unquantified observations in- 
dicated that events followed a pattern very similar to 
that of the experiments presented in Fig. 13, except 
that the natural canopy dieback was less pronounced 
and the understory beneath the control did not escape 
as it had after the natural dieback of 1972. It is clear 
that both canopy competition for light and spore-dis- 
persal limitation were important at Santa Catalina Is- 
land as well as at Pt. Loma. 

In summary, overstory and understory relationships 
were similar at Pt. Loma and Bird Rock. Certainly, 
Macrocystis suppressed the ephemeral understory 
(Dictyota and Pachydictyon). When both the ephem- 
eral understory and the Macrocystis canopies were re- 
moved, there was immediate strong Macrocystis re- 
cruitment. Clearings of the long-lived understory kelp 
canopies (Eisenia, Laminaria, Agarum) returned to the 
preexisting complex unless the clearings were adjacent 

to Macrocystis or were seeded with Macrocystis, in 
which case there was an extremely strong and persistent 
growth of Macrocystis. This emphasized the impor- 
tance of both understory competition and dispersal. 
(See Ambrose and Nelson [1982] for additional dis- 
cussion.) 

Pt. Piedras Blancas 
Interactions between Macrocystis and Nereocys- 

tis. -Our project in central California was too brief to 
obtain adequate survivorship data, but we did attempt 
to examine canopy relationships. Unlike southern Cal- 
ifornia kelp communities, in which the floating canopy 
was composed almost entirely of Macrocystis pyrifera 
(Pelagophycus porra was never sufficiently abundant 
to form a canopy), the kelp forest in central California 
had two species that formed surface canopies: Macro- 
cystis pyrifera and Nereocystis luetkeana. When at- 
tached to rocky substrata, both species could form ex- 
tensive forest. Although mixed stands occasionally 
occurred, kelp beds were typically dominated by a sin- 
gle species. Nereocystis characteristically dominated 
shallower, more exposed localities, or localities with 
unstable cobble substrata. Macrocystis dominated 
deeper, more protected localities, especially those with 
stable substrata. Unlike the perennial Macrocystis, Ne- 
reocystis has an annual life cycle. From 1977 through 
1979, in the vicinity of Pt. Piedras Blancas, dense sur- 
face canopies of Macrocystis developed 1-2 mo earlier 
in spring than Nereocystis canopies did. In most cases, 
the fast recovery of Macrocystis was associated with 
vegetative regrowth from extant holdfast systems rath- 
er than with recruitment of new sporophytes. 

Because Nereocystis germination is known to be sen- 
sitive to light (Vadas 1972), we hypothesized that Ma- 
crocystis is less sensitive and could competitively dis- 
place Nereocystis. We further suggested that Nereocystis 
could live in the Macrocystis habitat were it not for 
the presence of Macrocystis. To test the null hypothesis 
that Nereocystis cannot live in a Macrocystis habitat, 
we cleared all Macrocystis from two large (10 x 40 m) 
areas in a forest of Macrocystis at Site A (October 1976) 
and Site X (December 1977) (Fig. 1). To ensure that 
spores of Nereocystis dispersed into the cleared areas, 
we nailed mesh bags containing dozens of Nereocystis 
sori to the bottom of the areas. Site A was at a depth 
of 5-18 m; Site X was 10-18 m deep. The control for 
both, situated between the two cleared areas at a depth 
of 11 m under an undisturbed canopy of Macrocystis, 
was inoculated in a similar manner. The cleared area 
at Site A and the control area were first "seeded" in 
October 1977. Subsequent "seedings" were performed 
in the cleared areas at Sites A and X and in the control 
area in February and April 1978. We periodically re- 
moved recruiting Macrocystis from the cleared area at 
Site A, but not from that at Site X. 

By the spring of 1977, more Nereocystis plants had 
appeared in the cleared area at Site A than in the control 
area (31 vs. 0). The number of Nereocystis plants in 
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FIG. 14. Recruitment of Nereocystis luetkeana into areas 
cleared of Macrocystis adults at Pt. Piedras Blancas. Size of 
each clearance area was '4400 M2. 

the cleared area declined steadily during 1977 (Fig. 14). 
The storms during the winter of 1977-1978 were par- 
ticularly severe. Large swells opened gaps in the Ma- 
crocystis canopies at our study areas, and the formation 
of surface canopies of Macrocystis and Nereocystis was 
-2 mo later in 1978 than in 1977. By August 1978, 
158 Nereocystis had grown in the cleared area at Site 
A, 73 had appeared in the cleared area at Site X, and 
18 had grown in the control area, which had been 
thinned of Macrocystis by the storms. In the cleared 
area at Site X, where recruiting Macrocystis were not 
periodically removed, Macrocystis formed a surface 
canopy and significantly outnumbered Nereocystis by 
November 1978 (55 vs. 7). By March 1979, no Ne- 
reocystis remained in the cleared area at Site X but 52 
Macrocystis that had overwintered dominated the can- 
opy. Similarly, only two Nereocystis had overwintered 
in the control area, and new growth of Macrocystis 
quickly closed the gaps in the surface canopy. 

These experiments indicated that Nereocystis could 
live in Macrocystis habitat, because Nereocystis lived 
and reproduced there after Macrocystis had been re- 
moved. But Macrocystis quickly recovered in the re- 
moval experiment at Site X. Thus, Macrocystis had a 
considerable resilience in its ability to recover from a 
local perturbation such as our removal experiment. 
Because the two experiments and the common control 
were at slightly different depths, potential depth spe- 
cializations of the two species remain as alternate ex- 
planations. 

Effects of Macrocystis canopy on Macrocystis re- 
cruitment. -Macrocystis recruitment was evaluated in 
the cleared areas at Site A, where the recruiting Ma- 
crocystis were continually removed, and at Site X, where 
they were not removed. At Site X, Macrocystis replaced 
Nereocystis as the surface canopy in only one season 
(1977-1978). Macrocystis was continually removed 
from Site A, but Macrocystis recruits were not removed 
from the two 9-M2 subplots at depths of 10 and 18 m 

that were established in April 1977. A third 9-M2 plot 
was established at a depth of 11 rm as a control area. 
The results of periodic counts of kelps in nine contig- 
uous 1-rM2 quadrats within each of the three plots are 
presented in Fig. 15. 

Recruitment of Macrocystis was significantly greater 
in the 10-m deep cleared plot than in the control plot 
from May 1977 until June 1978 (Fig. iSA). Winter 
storms opened a gap in the Macrocystis canopy directly 
above the control plot, and by August 1978 there were 
significantly more Macrocystis in the control plot than 
in the deep cleared plot. However, all plants in the 
control plot were shorter than 0.5 m, whereas most 
Macrocystis in the shallow clearance plot were tall 
enough to form a surface canopy. Through March 1979, 
abundance of Macrocystis was similar in cleared and 
control plots, but a surface canopy did not develop in 
the control plot. Initially, there were significantly more 
Macrocystis recruits in the deep (18 m) cleared plot 
than in the control plot (11 Im). A sparse surface canopy 
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FIG. 15. Effects of Macrocystis canopy clearance on Ma- 
crocystis, Pterygophora, and Laminaria setcheliji recruitment 
at Pt. Piedras Blancas. Depth of treatments is indicated in 
parentheses. Data are presented as mean densities of kelps, 
with 95% ci (n = 9 quadrats); statistics calculated with square- 
root-transformed data. Depicted data have been back-trans- 
formed. Recently recruited Macrocystis <0.5 m tall not in- 
cluded. 
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developed from the deep cleared plot during the sum- 
mer of 1977. By November 1977, numbers of Macro- 
cystis were similar in deep cleared and control plots. 
This pattern persisted until the summer of 1978, when 
a "bloom" of Macrocystis developed in the control 
plot, probably in response to the severe storms of the 
preceding winter. During 1978 there were significantly 
more Macrocystis recruits in the control than in the 
deep cleared plot, but by March 1979 this difference 
was not significant. Recruitment of Macrocystis was 
significantly greater in the shallow (10 m) cleared plot 
than in the deep (18 m) cleared plot during 1977, but 
by the summer of 1978, numbers were no longer sig- 
nificantly different. A surface canopy had developed in 
the shallow plot, but had not developed in the deep 
plot during 1978. Nereocystis did not appear in any of 
the 9-M2 plots, although several plants grew adjacent 
to the shallow cleared plot and the control plot. 

Hence, the Macrocystis canopy had density-depen- 
dent effects on kelp recruitment, but the effects were 
strongly influenced by the seasonal reduction in canopy 
resulting from winter storms. In most instances, the 
storms did not dislodge the Macrocystis holdfasts, and 
the canopies recovered rapidly from these holdfasts. 

Resistance of Macrocystis to invasion of understory 
species. - The Macrocystis removal experiments showed 
little effect on Pterygophora recruitment (Fig. 15B), but 
there was an initial pulse of Laminaria setchellii (a 
stipitate species similar to Pterygophora) recruits in the 
shallow cleared plot (Fig. 15C). However, by August 
1977, L. setchellii densities were not significantly dif- 
ferent among the three plots. This pattern persisted 
until the spring of 1978, when recruits of L. setchellii 
were again abundant in the 1 0-m depth cleared plot 
and in the control plot. By December 1978, differences 
in numbers were no longer significant. Following ad- 
ditional recruitment in the 1 0-m depth cleared plot 
and the control plot, density differences among the 
plots became significant in March 1979. There were 
no differences between the 18-m depth cleared plot and 
the 11 -m depth control plot until late 1979. 

The severe storms during the winter of 1977-1978 
eliminated the canopy over the control plot and effec- 
tively produced another cleared area; nevertheless, some 
trends were apparent. In all of the Macrocystis-removal 
experiments, there was a marked bloom of Desmares- 
tia spp. (see also Cowen et al. 1982). In shallow water, 
the floating Macrocystis canopy had a pronounced and 
negative effect on the recruitment and survival of Ma- 
crocystis. Deeper water Macrocystis did not develop a 
surface canopy during our experiments. Indeed, a con- 
sistent feature of the experiments was that the recruit- 
ment of all species was low (Figs. 14 and 15). The initial 
pulse of Laminaria setchellii in the shallow plot ap- 
peared to be eliminated by the developing Macrocystis 
canopy, but L. setchellii recruited and grew in the shal- 
low plot after the storms. It seems likely that the Pter- 
ygophora and the L. setchellii were also influenced by 
vagaries of dispersal. Nereocystis seemed sensitive to 
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FIG. 16. Effects of removal of stipitate canopy (mostly 
Pterygophora with scattered Laminaria setcheliji) at Site D, 
Pt. Piedras Blancas. Data are mean densities of kelp individ- 
uals in clearance and control plots with 95% confidence in- 
tervals; statistics calculated using the square root transfor- 
mation. Sample sizes, given in part A, are the numbers of m2 
quadrats sampled on each date except those in parentheses, 
which were ? m2 adjusted to in2. 

the light reduction associated with canopies (Vadas 
1968, 1972), because none recruited in these experi- 
ments. 

In summary, understory species responded remark- 
ably quickly to storm-caused disturbance in the Ma- 
croc~ystis canopy. However, in areas where Macrocystis 
persisted, it had a dominating effiect on associated kelp 
species. In its presence, the understory species relied 
on a strategy of opportunism, which was more suc- 
cessful in the more frequently disturbed shallow water. 

Resistance of stipitate canopies to invasion. -Dense 
mixed groves of the stipitate understory kelps Lami- 
naria setchellii and Pterygophora californica typically 
occurred immediately adjacent to the shallow margins 
of Macrocystis. By removing all L. dentigera and Pter- 
ygophora from an area of 100 m2 in April 1977, we 
tested the hypothesis that their canopy inhibits Ma- 
crocystis recruitment. Since there were no Macroc~ystis 
within 20 m of this area, we "seeded" the clearing and 
the control area. Significantly greater numbers of Ma- 
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FIG. 17. Effects of removal of Dict yoneurum californicum 
canopies at Site D, Pt. Piedras Blancas. Data are densities of 
kelp recruits in the control and pre-Dictyoneurum removals 
done in May, September, and December 1977. By May 1979 
the clearing in C was dominated by the holdfast of one large 
Macrocystis. 

crocystis recruited in the cleared area than in the control 

(Fig. 16A). By September 1977, 71% of these plants 

had grown to the surface. Most Macrocystis disap- 

peared in the winter storms of 1977-1978; thereafter, 

there was no difference in Macrocystis density between 

cleared and control areas. 

Understory removal was followed by a dense settle- 

ment of Pterygophora (Fig. 1 6E). With adequate light 

and nutirents, spores can settle, go through the ga- 

metophyte stage, and produce identifiable sporophytes 

within a month of the canopy removal (L. Deysher, 

personal communication). But in our study the exper- 

iment was initiated in the summer, when Pterygophora 

is relatively infertile. This bloom may thus have re- 

sulted from the presence of existing Pterygophora ga- 

metophytes or from small sporophytes that responded 

to the increase in light with the removal of the canopy. 

No such recruitment was seen in the control area (Fig. 

16D and E); we thus rejected the null hypothesis that 

the stipitate understory has no effect on Pterygophora 

recruitment. By August 1978, the difference between 

Pterygophora abundance in cleared and control areas 

was not significant, indicating that Pterygophora growth 
was fast. In May 1979, abundances of young Ptery- 
gophora in the two plots were indistinguishable. Many 
Pterygophora that had settled in the cleared area had 
grown taller than 0.5 m, and the abundance of Ptery- 
gophora >0.5 m was also not significantly different 
between cleared and control areas. 

Densities of young Laminaria did not differ signif- 
icantly between clearance and control areas duing this 
2-yr experiment. Recruitment of Laminaria setchellii 
was sparse during 1977, but increased during 1978 (Fig. 
16C). None of the L. setchellii in the cleared area had 
grown taller than 0.5 m by May 1979, so there were 
significant differences in the abundance of larger L. 
setchellii between the cleared and control areas 
throughout this study. Dense Desmarestia blooms oc- 
curred in cleared areas during the summers (Fig. 16F). 
At these times there were significantly more plants in 
the cleared area, and we again rejected the null hy- 
pothesis of no Pterygophora effect. Several Nereocystis 
plants recruited in the cleared areas, although we did 
not enumerate them; none were seen in the controls. 

Stipitate canopy species thus had a strong inhibitory 
effect on the recruitment of Macrocystis, Pterygophora, 
Desmarestia, and Nereocystis (see Reed and Foster, in 
press). However, young Macrocystis that recruited in 
Site D were eliminated by a winter storm; they did not 
reappear the next season. Although Macrocystis is 
dominant over Pterygophora and Laminaria setchellii 
(Fig. 15), the latter stipitate species resisted invasion 
by Macrocystis and Nereocystis especially in more wave- 
stressed habitats. 

Resistance of prostrate canopies to invasion. -In a 
strict sense, the ephemeral Desmarestia ligulata forms 
a prostrate canopy (Cowen et al. 1982). But beyond 
studying the effects that overstories exert on Desmar- 
estia, we did not investigate Desmarestia's role per se. 
However, we did study Dictyoneurum californicum, 
which appears to be a relatively long-lived rhizomatous 
kelp often forming a dense prostrate canopy similar to 
that of Laminariafarlowii at Pt. Loma. These patches 
appeared to be resistant to invasion by other algae. To 
test the null hypothesis of no Dictyoneurum effect, we 
removed Dictyoneurum by hand in patches ; 1 m2 in 
area in May, September, and December 1977; we left 
a neighboring -iM2 patch as a control. We did not 
"seed" these areas. 

The Dictyoneurum removal in May (Fig. 17B) was 
followed by a rapid, dense recruitment of Macrocystis, 
Pterygophora, and L. setchellii. The Macrocystis den- 
sity declined; densities of the understory kelps declined 
somewhat, and then increased during 1978. By the final 
census (May 1979), this plot was dominated by L. 
setchelli and Pterygophora; there were no Macrocystis. 
The removal in September (Fig. 17C) was followed by 
a dense recruitment of Macrocystis; recruitment of 
understory kelps was sparse. By May 1979, this plot 
was dominated by one large Macrocystis plant. This 
seasonal difference probably related to the fact that 
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FIG. 18. Resistance of articulated coralline algal turf to invasion by brown algae at Sites A and X, Pt. Piedras Blancas. 
Data are mean densities of kelps recruiting into quadrats cleared of turf algae in August (A), November (B), and June (D) 
1978. There was no recruitment into control quadrats (C [for A and BI and E [for DI). Vertical lines are 95% confidence 
intervals in A and D calculated from square root transformations (n = 8 quadrats) and ranges in B (n = 4 quadrats). 

Macrocystis remained fertile during the summer, while 
the other kelps released their spores in the winter. We 
did not census the December removal (Fig. 1 7D) until 
September 1978; at this time the plot was dominated 
by L. setchell/i and Pterygophora; this pattern persisted 
through May 1979. The control area (Fig. 17A) ex- 
perienced virtually no recruitment by any of these kelps. 
Thus, Macrocystis, L. setchelli, and Pterygophora were 
capable of replacing Dictyoneurum only after Dicty- 
oneurum was removed. 

In summary, Dictyoneurum was very resistant to 
invasion. There were at least two potential mechanisms 
of Dictyoneurum resistance. First, this alga densely 
shaded the substratum. Second, the large, tough fronds 
may have scoured the other algae from the substratum 
via whiplash. However, scour from the adjacent fronds 
did not eliminate recruitment in the relatively small 
clearings. Although it was resistant, Dictyoneurum was 
not resilient over the duration of these experiments: 
there was no sign of its own recruitment into these 
cleared areas. However, with more time this alga will 
probably grow vegetatively into and recover the clear- 
ings. 

Resistance of articulated coralline red algal turf to 
invasion. -Articulated coralline red algae formed a thick 
(z 10 cm) dense turf over extensive areas of shallow 
(?6 m deep) reef tops. To test the hypothesis that the 
intact turf was resistant to invasion by kelps, in June 
1978 we scraped articulated coralline red algae from 
two large patches at the edge of Site X, and in August 

1978 we scraped two large patches in Site A. In each 
of these clearings four ?/4-M2 quadrats were established. 
In November 1978 four more ?/4-M2 clearings were 
established in Site A (Fig. 18B). Site A had no Macro- 
cystis and a very sparse Nereocystis canopy; Site X had 
a dense Macrocystis canopy. These clearances and the 
adjacent undisturbed control plots were periodically 
censused by counting kelps. 

The clearances of coralline algae at Site A resulted 
in a "bloom" of kelps (Fig. 18A). By May 1979 these 
plots were dominated by Macrocystis. Kelps did not 
recruit after the June clearances at the edge of Site X 
(Macrocystis canopy) until after November 1978. By 
May 1979, these plots were dominated by Laminaria 
setchellii and Desmarestia spp. (Fig. 18D). Thus, it 
appeared that when space was made available in the 
underlying articulated coralline red algal turf the pres- 
ence of a Macrocystis canopy had an important influ- 
ence on recruitment by kelps. The timing of the ini- 
tiation of the turf clearances also affected recruitment 
by kelps: November clearances (Fig. 18B) were dom- 
inated by Desmarestia in Site A and in the June clearing 
in Site X, both of which had no recruitment until after 
November 1978. There was no kelp recruitment in 
control plots. In addition, there was an explosive growth 
of red algae in the turf-cleared areas but not in the 
controls. The growth of red algae was not affected by 
the Macrocystis canopy, since the response was iden- 
tical in Sites A and X. 

It is evident that articulated coralline turf was also 

This content downloaded from 129.174.21.5 on Wed, 30 Oct 2013 14:15:37 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


276 PAUL K. DAYTON ET AL. Ecological Monographs 
Vol. 54, No. 3 

TABLE 7. Densities of attached Macrocystis and ratio of drifters (entangled clumps of unattached kelps) to attached plants 
at three isobaths at Pt. Loma. Each summary represents a survey area of 1000-1500 M2. 

Inner (10 m) Central (15 m) Outer (18-20 m) 

Density Density Density 
(attached Drifters/ (attached Drifters/ (attached Drifters/ 

Year Season palnts/m2) attached plants/M2) attached plants/M2) attached 

1974 Summer 1.00 0.00 0.85 0.03 0.06 0.02 
Fall 0.43 0.003 0.536 0.02 0.05 0.10 
Winter 0.31 0.002 0.21 0.04 0.07 0.08 

1975 Spring 0.37 0.013 0.26 0.07 0.04 0.09 
Summer 0.29 0.009 0.19 0.02 0.08 0.03 
Fall 0.24 0.047 0.22 0.01 0.04 0.01 
Winter 0.11 0.009 0.08 0.08 

1976 Spring 0.10 0 0.10 0.18 0.11 0.05 
Summer 0.04 0 0.10 0.04 0.12 0.02 
Fall 0 0 0.48 0.01 0.09 0.03 
Winter 0.16 0.02 

1977 Spring 0.12 0.008 0.12 0.02 
Summer 1.45 0.0009 0.28 0.01 0.09 0 
Fall 0.953 0.001 0.74 0.04 

very resistant to invasion because there was a heavy 
kelp recruitment to clearings in the coralline turf but 
almost never to the turf itself. The abundance and 
composition of these recruiting kelps were strongly af- 
fected by season and the presence of an overstory can- 
opy. These experiments were too brief to indicate the 
eventual outcome of perturbations or the mechanisms 
of coralline resistance. Mechanisms may have included 
shading, chemical defenses of the corallines, and her- 
bivory by small animals in the turf. Also unresolved 
in this experiment was the issue of turf resilience, but 
work elsewhere (Pt. Loma in this paper; Johanson and 
Austin 1970) suggests that there is a strong Calliarthron 
recruitment in cleared areas, indicating the potential 
of strong resilience. 

RESULTS: INERTIA 
(RESISTANCE TO DISTURBANCE) 

A study of resistance stability should include quan- 
tification of both the effects of disturbance on survi- 
vorship and the resistance of the populations to these 
disturbances. At Pt. Loma the most important sources 
of mortality for adult plants and of disruption of patch 
structure are storms that dislodge Macrocystis plants. 
On occasion, grazing by sea urchins is also a very im- 
portant disturbance. These disturbances and their con- 
sequences were studied at Pt. Loma. We have no rel- 
evant data from Santa Catalina Island, but we present 
some short-term observations and experiments from 
Pt. Piedras Blancas that again emphasize the impor- 
tance of storms. 

Pt. Loma 
Storms and drift algae. -Almost all the mortality of 

adult Macrocystis in the areas 15 and 18 m deep re- 
sulted from entanglements with drifting Macrocystis. 
This corroborated our earlier Del Mar study (Rosen- 
thal et al. 1974); it has become clear that entanglement 

is both an important general disturbance phenomenon 
and an important means of dispersing spores. Our data 
for seasonal mortality patterns in the outer, central, 
and inner areas of the kelp forest (Table 7) indicated 
that the densities of attached plants decreased from 
shallow to deep areas; the shallow area also had pro- 
portionally fewer drifters. The densities of attached 
plants at depths of 10 and 15 m declined with time, 
reflecting the survivorship of the dense 1973 recruit- 
ment (Fig. 4B). The 1977 recruitment at 10 m (Fig. 
4A) is also seen in Table 7. Mortality resulted more 
from the mutual entanglement of attached plants rather 
than from entanglement with drifters or from herbi- 
vore. The reason for the lower proportion of drifters 
in the shallow area is that the holdfast bundles of these 
young plants were small enough that the plants floated 
to the surface after pulling free, thus eliminating the 
probability of damaging stipe entanglement. This was 
demonstrated by our efforts to create drifters by prying 
holdfasts off the substratum; in the shallow zone the 
young plants floated immediately to the surface, but 
in deeper water the larger holdfasts ofthe plants bounced 
along the bottom and eventually became entangled with 
attached plants. 

Most new drifters appeared after storms in the winter 
and spring detached the plants. These detached plants 
became entangled in others, which then often became 
dislodged, contributing to the "snowball effect" as the 
drifter picked up more plants. The average number of 
detached plants in each drifter was 4.7 (range: 1-19). 
In the studied areas at 15- and 1 8-m depths, the mean 
number of attached plants entangled by a drifter was 
1.8 (range: 0-7). Otherwise, there was no pattern in 
year, season, or depth. 

To test whether older, possibly senescent, and rela- 
tively postreproductive plants were more likely to be- 
come drifters or to suffer mortality from entangle- 
ments, we derived a rough estimate of a plant's age 
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from the volume of the holdfast bundle. We measured 
> 100 drifters in each area; except for a slight tendency 
for the drifters to be older, there was no significant 
difference. 

How long does a drifter persist? What is the turnover 
rate of the plants within a drifter? The life expectancy 
of a drifter is clearly very important to the population 
of potential victims. Furthermore, drifting plants 
themselves lose stipes with each encounter, and hold- 
fasts drop out of the drifters. It is not unusual to see 
unattached, stipeless holdfasts bouncing around the 
bottom. Because of vandalism on surface tags, we had 
to use subsurface tags to mark drifters. The plants then 
had to be located from shore coordinates and lengthy 
underwater searches. This was inefficient, and most 
plants were lost before they disintegrated. Minimum 
longevity estimates of drifters range up to 18 mo (Table 
8). Because the plants had already been adrift for an 
unknown length of time when they were tagged, and 
because plants were usually lost before they disinte- 
grated, we have no measure of maximum longevity. 
We attempted a direct measure of longevity by prying 
plants loose from the substrata, but all but two were 
lost. In these, the tagged holdfasts broke free of the 
drifters 10 and 11 mo after they had been pried loose. 
In each case the drifters had had four recent victims, 
and each seemed likely to continue drifting and entan- 
gling for many months. None of the holdfasts of preex- 
isting drifters survived more than 7 mo, suggesting a 
relatively fast turnover of plants within a drifter. While 
we saw the disintegration of only one drifter, many 
were in the process of disintegrating in the late summer, 
when surge is reduced, entanglements are few, and the 
surface canopy of the drifter weakens in the warm, 
probably nutrient-depeleted waters. Under these con- 
ditions the stipes become brittle and senescent, and 
eventually the holdfast mass breaks free and sinks. 

How many plants does a drifter encounter and en- 
twine? Of these, how many die because of the encoun- 
ter? Of the 447 plants encountered by 35 drifters, 57% 
became detached (Table 8). Most encounters fouled 
over 75% of the stipes of the attached plants; usually, 
all of the entangled stipes were broken. When the en- 
tanglements occurred within 5 m of the bottom, they 
were usually lethal. The attached plants that survived 
were usually entangled in the upper 5-10 m of the 
canopy, leaving many young stipes below the entan- 
glement. The plants most likely to be pulled free usually 
were younger than 2 yr and still had poorly developed 
holdfast systems, or were older than 4 yr and had hold- 
fast bundles that had decomposed in the central region 
and were attached only by the outer haptera. The plants 
2-4 yr old had robust holdfasts and usually died only 
if all or most of their stipes were broken. So entangle- 
ments effectively cull young and old plants. Our mor- 
tality estimate (Table 8) is conservative because, al- 
though every encounter cost the attached plants several 
and sometimes most of their stipes, encounters were 
considered mortalities only if all of the stipes of a plant 

TABLE 8. Longevity of drifters and total numbers of plants 
encountered and killed by each during observation period. 
Each estimate is very conservative, as the drifters were lost 
before they disintegrated. 

Total Number 
Time number of plants 

observed plants en- killed by 
Area Drifter (mo) countered encounter 

10-m site M 2 3 3 
18 1 1 0 
II 3 5 2 

15-m site BB 16 25 15 
GG 10 8 4 
HH 6 6 3 
MM 3 13 3 
LL 2 6 1 
ZZ 13 9 6 
QQ 6 10 2 
V 12 13 12 
W 8 7 6 
G 8 8 7 
H 10 22 12 
R 10 19 11 
U 6 14 7 
KK 8 15 12 
K 14 21 11 
T 9 36 21 
33 4 5 2 
DD 3 10 8 
I 4 11 10 
J 4 11 10 
L 3 15 3 
P 4 9 1 
S 6 16 8 
W 3 11 2 
EE 3 5 4 

18-m site D 18 24 18 
G 5 15 8 
S 2 2 0 
B 4 8 4 
C 10 25 15 
CC 11 25 16 
AA 7 12 10 

were broken. Because holdfasts bereft of their stipes 
commonly survive at Pt. Piedras Blancas, we followed 
50 Pt. Loma holdfasts that had lost their stipes from 
entanglements or experimental cutting, and found that 
even holdfasts with luxuriant sporophyll bundles and 
young stipes all died. We later observed plants that had 
been entangled with drifters but had not lost all of their 
stipes (hence had been considered survivors) and found 
that they were also dead. Thus, the 43% survivorship 
estimate (Table 8) is very optimistic, since many of the 
entangled plants died later. 

In summary, drifting Macrocystis encountered a mean 
of 2.14 (SD 1.0) plants/mo and killed a mean of 1.24 
plants/mo. The deeper area had the higher percent 
mortality per encounter (65% at 18 m; 56% at 15 m), 
perhaps reflecting the fact that the deeper plants were 
older and more vulnerable. Both areas had a mean of 
1.3 plants killed per drifter per month. It is risky to 
extrapolate this to an annual mortality rate, but a rough 
estimate of 0.15 mortalities per drifter per year applied 
to the relative densities in the 15 and 18 m areas (Table 
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7) suggests that drifters kill 50% of the adult popu- 
lation each year. Despite the crudeness of the estimate, 
drifters are clearly a major source of Macrocystis mor- 
tality in the outer Pt. Loma kelp forest. 

Sea urchin grazing. -Echinoids are well known to 
have the potential of overgrazing and destroying algal 
communities (see Lawrence [1975] for a general re- 
view; North [1971] and Leighton [1966] for a review 
of southern California kelp beds). Thus, we expected 
sea urchins to have a major role in disturbance in this 
community. We found, however, that, with the excep- 
tions of our 10-12 m area and occasional "plague" (see 
North 1971) areas, sea urchin grazing was not a major 
disturbance despite the fact that sea urchins have the 
potential of killing Macrocystis plants by grazing on 
holdfasts or eating through the primary stipes. Two 
species of sea urchins, Strongylocentrotus purpuratus 
and S. franciscanus, have been the most destructive 
grazers at Pt. Loma (North 1971, Tegner 1980). S. 
purpuratus is relatively sedentary and, under normal 
conditions, remains cryptic and eats drift algae. S. fran- 
ciscanus is much larger and more active, and forages 
nocturnally from refuges such as ledges. On occasion, 
the sea floor is covered with high densities of both 
species, and in these ("plague") situations the urchins 
are much more active and destructive. 

As demonstrated in the Caribbean for fishes (Randall 
1965) and Diadema (Ogden et al. 1973), and at Santa 
Catalina Island for Centrostephanus (Nelson and Vance 
1979), herbivores can maintain bare zones around their 
refuges. This is common in the Pt. Loma kelp com- 
munity, where areas in front of ledges and devoid of 
fleshy kelps offer urchins refuges from predation (Teg- 
ner and Dayton 1977, 1981). Boulder fields have high 
urchin densities and tend to be barren of fleshy algae. 
Balanophyllia elegans, a solitary cup coral, seems es- 
pecially common in these bare zones (Gerrodette 1981). 

In December 1972, we tested the hypothesis that 
these bare zones are mediated by the grazing of S. 
franciscanus by removing the urchins from two 1-iM2 

areas of a small ledge and from a 4_2 area in a boulder 
field. In each case, the area was quickly colonized by 
100% covers of Dictyota flabellata and Desmarestia 
ligulata. By the spring of 1973, the quadrats in front 
of the ledges were dominated by Calliarthron and 
Laminariafarlowii (25 and 37 recruits/M2, respective- 
ly) and by scattered Cystoseira. Boulders were covered 
with Calliarthron and Gelidium, and three Eisenia 
plants were present. Control areas maintained their 
urchin populations. By 1975, the urchin populations 
had recovered, and most areas had only coralline pave- 
ment. Balanophyllia seemed partially dependent on 
the urchin grazing in the flat, bare zone in front of the 
ledges, because their populations declined in both ledge 
areas where urchins were removed (from 117 to 14 
corals/M2 and from 207 to 5 corals/M2), whereas the 
control quadrats remained relatively constant (from 
143 to 129 corals/M2 and from 79 to 85 corals/M2). 
Tegner and Dayton (1981) argued that urchins are usu- 

ally confined to these refuge areas by predation by as- 
teroids (Pycnopodia helianthoides, Dermasterias im- 
bricata), spiny lobsters (Panuliris interruptus), and 
especially the California sheephead (Semicossyphus 
puicher). 

The heavy Macrocystis recruitment in 1973 pro- 
duced a dense growth in the 10-m site, which was 
thinned by mutual entanglement to 1.0 adult plants/ 
m2 by 1974 (Fig. 4A). During the summer of 1974, 
urchin grazing on the small holdfasts of the young plants 
became very conspicuous, and by December 1975 the 
Macrocystis population had been eliminated in this 
area. At least 75% of the mortality resulted from urchin 
grazing (M. Tegner, personal communication). No 
measures were taken to controls urchins. In late 1976 
and early 1977, another massive Macrocystis recruit- 
ment resulted in another dense forest (1.3 adults/M2) 
that was virtually eliminated by urchin grazing in late 
1978. This pattern was observed only in the shoreward 
edge of the Macrocystis forest. It is similar to the pat- 
tern observed in Nova Scotia (Mann 1977). 

In isolated areas throughout the kelp bed, a similar 
phenomenon occurs: a large urchin population devel- 
ops, urchin mobility increases, and "fronts" of urchins 
move outward, consuming all the kelp plants they en- 
counter. In the past, a commercial kelp harvesting 
company controlled the urchins with quicklime (North 
1971). 

Santa Catalina Island 
The Bird Rock site at Santa Catalina Island was 

periodically subjected to winter storms. However, we 
did not quantify their impact. Indeed, the relatively 
small size of the kelp forest argued against drifters hav- 
ing an effect similar to that seen at Pt. Loma, since 
drifters would leave the forest before doing much dam- 
age. Summer canopy diebacks, which appeared to re- 
sult from warm water and low nutrients, were the main 
effect of physical stress that we observed at Bird Rock. 
The sea urchin Strongylocentrotusfranciscanus was re- 
placed on the protected northeastern side of the island 
by the more tropical Centrostephanus coronatus. Nei- 
ther Centrostephanus nor S. purpuratus seemed to ex- 
ert an important effect on Macrocystis at Bird Rock 
(Nelson and Vance 1979). 

Pt. Piedras Blancas 
Frequent strong surge and devastating winter storms 

were probably the most important sources of kelp mor- 
tality along the central California coastline. In areas of 
cobble or unstable substrata, there may have been an 
almost complete mortality of kelp plants during the 
winters. Such an area immediately north of Piedras 
Blancas was dominated by the annual Nereocystis; after 
one severe winter storm, windrows of Nereocystis 
washed ashore z200 m and crossed the heavily trav- 
eled Highway 1 (Big Sur Highway). Two drifters of 
Nereocystis that were washed onto the beach contained 
at least 59 and 128 plants; the Nereocystis holdfasts 
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were mostly attached to cobbles that had been uplifted 
and carried ashore. These storms seemed to break the 
stipes on mature Macrocystis attached to the stable reef 
substrata; in contrast, storms at Pt. Loma dislodged 
holdfasts. These different effects are important since 
the plants at Pt. Piedras Blancas quickly regrew new 
stipes in the spring. Physical stress dominated this hab- 
itat. Grazing stress was minimal because sea urchins 
existed only in refuges from sea otters (Enhydra lutris) 
(Lowry and Pearse 1973). 

In summary, several types of disturbance and stress 
were important to California kelp communities. Storm- 
generated surge and waves were directly responsible 
for much mortality and stipe loss at Pt. Piedras Blan- 
cas, where storms are an important annual event. While 
we have very few data on storm-generated plant loss 
at the protected Santa Catalina Island site, we have 
seen there an occasional heavy mortality following 
winter storms. At Pt. Loma, storms did dislodge plants, 
but the dislodged plants often persisted, entangling and 
dislodging many other plants. This entanglement mor- 
tality was very important, as it had the potential of 
killing a large fraction of the adult Macrocystis. Sea 
urchin grazing in this area could be an important mor- 
tality source to macroalgae, but the effects of sea ur- 
chins in central California were mitigated by various 
predators, especially sea otters. Hence, sea urchins 
maintained coralline barrens as they grazed out from 
refuges. At Pt. Loma, they occasionally numerically 
swamped their predators and eventually destroyed most 
macroalgae in a limited area. There are sites at Pt. 
Piedras Blancas where wave stress seemed to select for 
lower canopies, the floating < stipitate < prostrate < 
turf canopies constituting a hierarchy of resistance to 
surge. 

RESULTS: A SUMMARY OF PATCH 
INERTIA STABILITY 

We observed that distinct patches persisted beyond 
the life expectancy of their component individuals, and 
we tested several mechanistic hypotheses regarding this 
resistance to invasion. The hypothesis that in most 
habitats patch types are maintained by local physical 
characteristics tolerable to locally existing species but 
not to others was negated by the successful recruitment 
of various species following removal of the preexisting 
plants. 

A related hypothesis that a patch persists because 
there has been insufficient time for dispersal to adjacent 
patches was at least in part negated by the persistence 
of the edges of the patches, where dispersal was not 
limiting. However, the crux of this hypothesis involves 
the dispersability of the potential invaders, and we 
found that in most cases recruitment was much en- 
hanced by seedings which suggests that effective dis- 
persal may still have been an important limiting factor. 
Finally, fast turnover times and reproductive poten- 
tials that were high relative to patch persistence tended 

to negate the hypothesis that life-history characteristics 
alone determine the patch composition. 

Several types of disturbances were important to kelp 
populations. In southern California, storms caused a 
gradient of disturbed areas of Macrocystis, ranging from 
the "scars" of single holdfasts that were usually recol- 
onized by spores left from the detached plant to cleared 
areas as large as several hectares that resulted from 
massive entanglements after unusually severe storms. 
Similar entanglement mortalities of the annual Nereo- 
cystis occurred in central California. But while Pt. Pied- 
ras Blancas Macrocystis often lost most of their stipes, 
their holdfasts seemed more strongly attached; we nev- 
er observed drifting clumps of Macrocystis at Pt. Pied- 
ras Blancas. The stipitate plants were occasionally dis- 
lodged by storms, but at both Pt. Loma and Pt. Piedras 
Blancas they seemed resistent to surge. The "storm 
related" mortalities usually resulted from plants' losing 
their fronds or being knocked over far enough that a 
sea urchin could catch their fronds. The prostrate and 
turf canopies seemed to thrive in rough water and were 
never observed to be affected by storms. 

Temperature and nutrient stresses are known to be 
important to Macrocystis canopies in southern Cali- 
fornia (North 1971, Jackson 1977). We frequently ob- 
served canopy diebacks in summer and early fall. But 
usually the Macrocystis plants themselves did not die, 
because fonds below the thermocline were not affected. 
We saw no evidence that temperature or nutrient 
stresses affected the other canopy types. In the Los 
Angeles area there have been large-scale recoveries of 
kelp beds following improved sewage treatment (Wil- 
son et al. 1980). The devastating effects of sea urchin 
grazing seen in other habitats occurred also in the shal- 
low area at Pt. Loma and in patches elsewhere at Pt. 
Loma. In most cases the sea urchin populations are 
controlled by several predators (Tegner and Dayton 
1981). 

Thus, through canopy competition and the swamp- 
ing of the recruitment of potential invaders by ex- 
tremely heavy and localized spore releases of the res- 
ident plants, most kelp patches successfully resisted 
invasion. Disturbances were ubiquitous and had po- 
tentially important consequences, but their impacts 
were variable in time and space. For these reasons, it 
is important to understand successional processes that 
result in patch resilience. 

RESULTS: PATCH RESILIENCE 

Description and mechanisms of 
succession 

Successional processes in this system were deter- 
mined by studying seasonality of disturbance and plant 
reproduction, dispersal, survivorship of recruits, and 
competition. These parameters are discussed for Pt. 
Loma and Pt. Piedras Blancas. 

Role of season in the availability of space and 
spores. -Seasonality of algal recruitment has pro- 
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nounced effects on the structure of most algal com- 
munities (Northcraft 1948, Lee 1965, Vadas 1968, 
Dayton 1971, 1975a, Kain 1979). In southern Cali- 
fornia kelp communities, there were two separate as- 
pects to seasonality: provision of suitable space, and 
seasonality of spore releases and gametophytic devel- 
opment. 

As discussed earlier, most of the mortality of the Pt. 
Loma kelps occurred from winter storms that resulted 
in two types of spatial clearings in Macrocystis patches. 
In one type, large canopy areas were cleared of many 
Macrocystis plants by storms; subsequent recruitment 
largely depended on factors present before the clear- 
ings, especially on the proximity of adults and the dis- 
persability of spores. In the second type, large solitary 
holdfasts broke loose, leaving conspicuous scars and 
resulting in a spatial mosaic. In the second type, algal 
recruitment depended on spore availability, which has 
a seasonal component; but in most cases the plant that 
broke loose inundated the clearing with spores. 

There are two ways to monitor seasonality of spore 
release. Probably the most satisfactory approach is to 
monitor the reproductive condition of individual plants. 
This was easily done quantitatively for Pterygophora, 
Eisenia, Macrocystis, Laminaria, and Cystoseira, which 
have conspicuous sori, sporophylls, or reproductive 
bodies. Except for Macrocystis, these plants have a 
distinct seasonal release in the late fall and early winter 
(McPeak 1981). Neushul (1963) observed that spores 
of Macrocystis are continuously released. Our obser- 
vations confirmed the continuous fertility, but at Pt. 
Loma and Bird Rock, the apparent decrease in late- 
summer fertility was associated with the warmer and 
probably nutrient-depleted summer waters. At Pt. 
Piedras Blancas, winter storms eliminated much of the 
foliage, including the sporophylls. The second ap- 
proach to evaluating the seasonality of spore release is 
to monitor the germination of sporophytes. This ap- 
proach was relatively unsatisfactory, because there was 
a time lag of several weeks between the release of the 
spore and the eventual germination and growth of a 
sporophyte large enough to identify. An increase in 
light intensity may have triggered the release ofgametes 
and the appearance of sporophytes, which did not, 
therefore, result directly from the seasonality of spore 
release from the sporophyte generation. Thus, by open- 
ing the canopy, storms may have contributed impor- 
tantly to the observed seasonal recruitment. 

In summary, whether from the fall-winter spore re- 
lease or from the physical triggering of the gameto- 
phytes in the spring, recruitment increased in the late 
winter and the spring (e.g., Fig. 6A). 

Mechanisms of algal dispersal. -The effective radius 
of spore dispersal for a number of large brown algae is 
surprisingly limited. For example, Anderson and North 
(1966) found that the recruitment of Macrocystis spo- 
rophytes from an isolated plant is limited to an area 
within a radius of 5 m; Alaria esculenta is limited to 

10 m (Sundene 1962); and Postelsia palmaeformis 

is limited to < 3 m (Dayton 1979), an observation cor- 
roborated by Paine (1979), who suggested 1.5 m as a 
more realistic limit. The hypothesized reason for such 
limited distance of sporophyte recruitment in spite of 
high spore production involves the fact that male and 
female gametophytes must be close to each other to 
ensure fertilization. This limited spore dispersal seems 
to be a general phenomenon for kelp and suggests that 
spore dispersal from a stationary plant is a much less 
effective means of colonizing than is dispersal by drift- 
ing fertile sori and sporophylls (Dayton 1973). 

Drifting fertile algae included entire plants as well 
as pieces of fertile material. The entangled bundles of 
Macrocystis drifters were particularly important be- 
cause they caused many of the clear spaces in patches 
of Pterygophora and Eisenia as well as in Macrocystis 
forests. After clearing the areas, the drifters inoculated 
them with large doses of spores. It is difficult to deduce 
the mechanisms that resulted in the observed patchy 
recruitment pattern without seeing the actual process. 

We attempted to quantify the amount of drifting 
fertile reproductive material by using paired drift traps 
emplaced parallel to the shoreline. We found no con- 
sistent trend in traps facing north or south. But among 
the drift, we almost always found fertile pieces of Ma- 
crocystis, Laminaria, Eisenia, and Pterygophora. In 
addition, a great deal of red algal material was col- 
lected, much of which was probably also fertile. We 
had similar success when the drift traps were placed 
on the sand habitat 3 km north of the Scripps pier in 
La Jolla; in this case, the nearest kelp beds were >2 
km in each direction, yet a great deal of fertile material 
was captured in the traps. This effective long-range 
dispersal was also observed on artificial habitats (Fager 
1971) off the Scripps pier and on an artificial granite 
reef on the sand flat north of Scripps. On the artificial 
granite reef, Macrocystis recruitment resulted from both 
drifting plants and drifting sporophyll fragments. 

Because a large number of spores need to settle in a 
limited area to ensure fertilization, the drift material 
needs to be held in place for a certain period of time. 
Many herbivorous animals augment this drift dispersal 
by capturing and holding material, which inoculates 
the immediate area before it is consumed. Recruitment 
was observed after fertile drift fragments were captured 
(Diopatra captured Macrocystis, Pterygophora, and 
Laminaria farlowii; Haliotis rufescens captured Ma- 
crocystis and Pterygophora; and Strongylocentrotus spp. 
captured Macrocystis, Pterygophora, and L. farlowii.) 
In particular, the urchins were probably very important 
because they were ubiquitous in ledges and boulders 
and were very adept at snaring drifting algae. This 
urchin effect was tested indirectly in the urchin-re- 
moval experiments discussed under Sea Urchin Graz- 
ing. Urchins in the controls snagged kelps such that the 
surge moved the fronds against the overhanging ledges, 
which had significantly higher kelp recruitment than 
the ledges above urchin-removal areas (27 Macrocys- 
tis, 42 L. farlowdi, and 17 Pterygophora, compared to 
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FIG. 19. Germination, survival, and growth of Macrocystis as a function of distance from adult plants along two permanent 
transects running shoreward into areas cleared of sea urchins with quicklime at Pt. Loma on 25 April 1972. Germination 
and survival (0, 0) given as densities for 23 May and 20 June 1972. Growth or biomass of recruits (E) estimated by total 
length of stipes measured on 26 July in 1/4 m2 quadrats spaced along the two transects. Error bars on density means are ? 1 
SD, n = 6, with square root transformation of the data prior to statistical procedures. Depicted data have been back-transformed. 

3 Eisenia in the urchin-removal areas). In each case, 
fertile pieces of the recruiting species had been ob- 
served being held by the urchins in the control areas. 

Dispersal, survivorship, and growth in a large clear- 
ing. -Sea urchins sometimes begin to forage actively, 
especially when they are deprived of drift. This often 
results in the formation of urchin fronts that denude 
an area of all macroalgae, leaving a pavement of cor- 
alline algae (Leighton et al. 1966, North 1971). Typi- 
cally, urchins remain in the cleared area in numbers 
sufficient to ensure that no significant growth of kelp 
become reestablished. One management practice is to 
spread quicklime over these urchin fronts and the re- 
maining barrens. The quicklime kills most of the echi- 
noderms, especially the sea urchins, and there is always 
a fast recovery of macroalgae. One such operation was 
done 25 April 1972 in a patch of several hectares at 
Pt. Loma. This gave us the opportunity to observe 
dispersal, survivorship, and growth of algae into a large 
clearing. 

Recruitment and survivorship patterns (Fig. 19) in 
this clearing were reminiscent of Janzen's (1970) pre- 
dicted seed shadow, but mortality and lack of growth 
adjacent to adult plants probably resulted from com- 
petition with the floating canopy for light. There was 
some recruitment throughout the clearing. The high 
density of recruits adjacent to fertile adults (Fig. 19) 
implied a heavy inoculation of spores. As a parallel to 
seed dormancy in terrestrial situations, gametophytes 
may exist, somewhat immune from grazing, for several 
weeks. Thus, dispersal does not have to be a single 
event, because the gametophytes can accumulate over 
time. We observed heavy recruitment along the tops 
of ledges in the quicklimed area, suggesting that the 
sea urchins had snagged fertile drift material that had 
inoculated the ledges. Furthermore, there was a marked 
recruitment swath along the patch of a drifting Ma- 

crocystis plant that had moved through the site a week 
before the clearing. 

An important lesson from this and many other 
quicklime operations is that there is dispersal into large 
clearings. Even though recruitment is lower as the dis- 
tance from the adults increases, survivorship and growth 
is usually adequate for a complete Macrocystis colo- 
nization into a habitat made available by an episodic 
event such as an extreme storm, or a sea urchin dieoff 
due to management procedures or disease (Pearse et 
al. 1977, Pearse and Hines 1979). Thus, the above 
considerations and colonization of isolated reefs sug- 
gest that kelps disperse long distances, often from drift- 
ing fragments of fertile material. Yet we have shown 
experimentally that they effectively do not invade other 
established kelp patches (Figs. 8-12). Dispersal into 
large or isolated areas is very different from dispersal 
into small clearings where local plants release sufficient 
spores to swamp the limited drift dispersal. 

Success of dispersal: survivorship of young recruits. - 

What are the important factors influencing the survi- 
vorship of recruits? Here we discuss the patterns of 
mortality from sources associated with the substratum, 
especially from scour, herbivores, and fishes. Fishes 
may simply eat smaller algae or may kill them inci- 
dentally while foraging on animals associated with the 
algae. 

Our various experiments and baseline observations 
showed a pattern of epiphytic recruitment of young 
brown algae on Pterygophora stipes in which successful 
recruitment was rare near the base of the stipe, sug- 
gesting a higher mortality at the base. To quantify this 
pattern, near Virgin Reef we cut the fronds from 50 
Pterygophora plants so that whiplash would not be a 
factor. The area was heavily inoculated in November 
1973 with bundles of fertile reproductive material from 
Laminaria, farlowli, Pterygophora, and Macrocystis. 
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FIG. 20. Recruitment and subsequent layering of Lami- 
nariafarlowdi, Pterygophora californica, and Macrocystis pyr- 
ifera on bladeless Pterygophora stipes at different heights above 
the substratum near Virgin Reef, Pt. Loma. 

In January 1974, we observed that L. farlowii, Ptery- 
gophora, and Macrocystis had recruited in rather dis- 
tinct layers on the stipes of these 50 plants (Fig. 20). 
Similar results were observed but not quantified on 
adjacent Pterygophora with intact fronds. Similar re- 
cruitment had also occurred on thin, round pieces of 
wood we had arranged in a "pegboard" design, and on 
a similar array of floating pieces of polypropylene lines 
that we used to see if the pattern was peculiar to Pter- 
ygophora or occurred generally. Whether this pattern 
of distinct layers resulted from competitive interac- 
tions among the recruits or from differential suscep- 
tibility to a substratum-associated mortality is not 
known. Furthermore, the experiment did not differ- 
entiate grazing effects from the effects of sand and sed- 
iment scour (Devinney and Volse 1978). We attempted 
a rough measure of scour by placing candles and par- 
affin blocks on the sea bottom. We found a pronounced 
vertical effect: almost all of the scour and abrasion 

occurred along the bottom 15-20 cm of the candles 
and blocks. 

To separate scour and grazer effects, we suspended, 
at 1, 10, and 25 cm above the substratum, stipes that 
had been epiphytized by kelps, so as to eliminate ben- 
thic grazers but not scour or water-column grazers (Fig. 
21). Laminaria and Eisenia resisted mortality much 
better at 1 and 10 cm above the substratum than did 
Pterygophora and Macrocystis, which suffered almost 
complete mortality within 10 cm of the substratum. 
Hence, Laminaria and Eisenia appeared to be more 
tolerant to scour or planktonic grazers. 

We also attempted to evaluate grazing by small her- 
bivores or microherbivores, fishes, and echinoderms. 
In one set of experiments, we used 14 scoured Plexiglas 
plates that had been inoculated with Macrocystis and 
cultured through germination by W. J. North. Concrete 
blocks supported the plates ; 10 and 20 cm above the 
substratum to reduce scour effects. Five of the plates 
were protected by a monofilament net that allowed 
entry by microherbivores but excluded larger fishes and 
echinoderms. This net did not interfere with light or 
water movement and was not fouled during the month- 
long experiment. 

Two days after the plates were set out, two plates 
without cages were cleaned by the asteroid Patiria min- 
iatra. After 1 wk, 10 of the 14 plates had been cleaned 
of much of the small algae. Of these, two and possibly 
three were cleaned by Patiria; but no Patiria were in 
the vicinity of the other seven, which may have been 
grazed by fishes, especially halfmoons (Medialuna cal- 
iforniencis) and opaleyes (Girella nigricans). Also by 
the end of the 1st wk four of the five plates that had 
been protected with the net still had most of the algae, 
suggesting that cropping by larger animals was an im- 
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FIG. 2 1. Differential substratum-associated mortality of kelp recruits of the indicated species on pieces of stipe suspended 
at three heights above substratum near Virgin Reef, Pt. Loma. Numbers at right of lines give original number of small 
sporophyte blades on each stipe at the beginning of the experiment. 
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portant source of mortality. Two weeks after the plates 
had been established, however, the plates under the 
nets were being grazed by "microherbivores," mostly 
amphipods and polychaetes. Indeed, at this point, the 
vestigial algae (; 10% cover) on the uncaged controls 
of two plates looked healthier than the algae on the 
protected plates. A week later, the plates under the nets 
had been completely cleaned, apparently by the mi- 
croherbivores. The plates that had been cropped in the 
1st wk still had a few Macrocystis plants that were in 
good condition. Senoritas (Oxyjulis californica) and 
sheephead (Semicossyphus pulcher) nosed around the 
uncaged plates, but they did not appear to be grazing 
on them. One sheephead ripped at the net of one of 
the protected plates, possibly trying to get at a poly- 
chaete tube that was conspicuous on the plate. This 
trend continued through the 4th wk after the plates 
were established, but shortly thereafter the blocks were 
disturbed by a storm, thus terminating the observa- 
tions. 

A similar set of experiments was done concurrently 
with the Pterygophora-stipe experiments (Fig. 21), in 
which stipes with young kelps (almost entirely Macro- 
cystis) growing on them were placed under different 
cages, "roofs," and controls, and over various sub- 
strata. The stipes and a few wood and polypropylene 
stipe substitutes with small Macrocystis plants were 
suspended 15-20 cm above various substrates, includ- 
ing sand, thick Calliarthron turf, plastic grass door- 
mats, and natural substratum with very thin turf. 
Monofilament net was placed over frames made from 
plastic laundry baskets and dishpans. These cages 
probably interfered with light penetration and water 
movement to a slight extent, but this seemed trivial 
because the experiment was short. 

All 14 plants placed over a sand-filled depression 
with no cages died within 1 wk. A total of 57 plants 
in three treatments (cages, roofs, and controls) were 
placed over a very thick coralline turf, and they too 
were killed within 1 wk. Astroturf doormats and nat- 
ural substrata had similar results (Fig. 22). The small 
plants on stipes placed within a cage or under a roof 
initially had much higher survivorship than the control 
did; but after the early mortality in the control, there 
was no additional mortality, and the remaining plants 
grew rapidly and looked healthy. In contrast, the plants 
that were protected initially showed higher survivor- 
ship but then had increasing evidence of herbivore in 
the form of small bites; they all eventually died. Early 
mortality in controls was significantly higher (P < .01) 
than in cages; mortality probably resulted from grazing 
by fishes, because echinoderms could not reach the 
stipes. The plants (all Macrocystis) in the controls that 
survived were very healthy. 

The plate and stipe experiments shared a common 
theme: unprotected small plants experienced imme- 
diate, nearly complete mortality that was significantly 
higher than the protected plants. We know that in sev- 
eral cases this resulted from cropping by Patiria and 
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FIG. 22. Survivorship of young kelps placed under cages 
or roofs over natural substrata without turf and over artificial 
herbivore-free turf (plastic grass doormats) and adjacent con- 
trols at Pt. Loma. The number of plants in each actual cohort 
is given in the line key. Not shown are the results of 14 plants 
placed over a shallow (_ 3 cm) sand-filled depression and 57 
plants placed in the three treatments (cages, roofs, controls) 
over a thick coralline turf; all died within 1 wk. All plants 
surviving to grow large enough to be identified were Macro- 
cystis pyrifera. 

fishes. After 3 wk, however, all the plants protected 
from larger animals were dead, and the few unprotected 
survivors thrived. One hypothesis is that the large fish- 
es and echinoderms respond quickly to gametophytes 
on plates or to small blades on Pterygophora stipes, 
but that the young plants often survive when protected. 
However, fish such as Oxyjulis californica (Hobson 
1971, Hobson and Chess 1976, and Bernstein and Jung 
1979) cropped the microherbivores, which became 
abundant when protected by cages from their preda- 
tors. The microherbivores eventually eliminated the 
small algae. An observation that corroborates the hy- 
pothesis is that the stipes placed over the coralline turf 
were quickly stripped of their small kelps even when 
protected in a cage; the coralline turf is a rich habitat 
for small crustacea and polychaetes (Hobson and Chess 
1976, A. Ebeling, personal communication). This effect 
was similar to the artifacts associated with cages on 
soft bottoms where small predators accumulate (Virn- 
stein 1977, Dayton and Oliver 1980). 

This hypothesis received further support from ob- 
servations made during turf-cropping experiments. As 
coralline turf and the fleshy red algal turf (mostly Gel- 
idium) on the top of Virgin Reef were removed, we 
observed a fish feeding frenzy. Dozens of small sheep- 
head, Semicossyphus pulcher, and senoritas, Oxyjulis 
californica, ate isopods, amphipods, polychaetes, and 
encrusting animals such as bryozoans, sponges, and 
compound tunicates exposed during turf removal. 
Dozens of kelps recruited in both the coralline-turf 
and the algal-turf clearings, but none recruited into 
adjacent controls. The coralline turf was adjacent to 
Pterygophora adults, and the recruits were mostly Pter- 
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ygophora; the Gelidium turf was near a Macrocystis, 
and most of the recruits were MacrocVstis. 

These experiments suggest that there was a delayed 
positive effect from picker fish, which restricted mi- 
croherbivores to refuges in thick turf. However, the 
turf-cutting experiments have several alternative ex- 
planations, including a simple physical interference with 
kelp settlement; light competition with kelp recruits, 
such as seen in the intertidal zone (Dayton 1971, 1973, 
1975a, b, Lewis 1976); and a possible chemical alle- 
lopathic defense against epiphytes or sloughing of epi- 
dermis, or both. The latter explanation has never been 
demonstrated in the sea (but see Kittridge et al. 1974), 
but we believe that it does occur, particularly in cor- 
alline algae and such encrusting algae as Ralfsia (Fletcher 
1975), Hildenbrandia, Petrospongium, Lithophyllum, 
and Clathromorphum. In addition, cages may attract 
mobile microherbivores. If these mechanisms are at 
work, they certainly function in a complementary rath- 
er than an exclusive manner, but we have not been 
able to separate them, despite several attempts with 
artificial Calliarthron and attempts to rid rocks of mi- 
croherbivores by using chemical relaxants and various 
types of insecticides. 

Mechanisms of succession at Pt. Loma and Pt. Pied- 
ras Blancas. -Most mortality of Macrocystis resulted 
from entanglements with drift Macrocystis. Another 
source of mortality for stipitate and prostrate kelps was 
being detached or thrust against sea urchins by strong 
surge. Both mortality sources had strong seasonal pat- 
terns, because surge increases during winter storms. 
The reproductive patterns of the kelps during the late 
fall and the winter seemed keyed to this disturbance. 
The same is true in the intertidal zone (Dayton 1 975a). 
Other, nonseasonal sources of mortality also included 
grazing by sea urchins, which occurred in a patchy 
manner in this community. In evolutionary time, sea 
urchin outbreaks were probably rare due to the pres- 
ence of the sea otter (Enhydra lutris). At the present 
time, sea urchin populations are usually controlled by 
a complex of other predators and canopy effects on 
larval recruitment (Tegner and Dayton 1981). 

In most succession and equilibrium studies, effective 
dispersal is an important but often overlooked phe- 
nomenon. Our results corroborate earlier studies sug- 
gesting that spore dispersal of kelps is rather limited. 
But dispersal via drifting plants or fertile plant frag- 
ments was effective but often unpredictable in time 
and space. Once a plant propagule was dispersed and 
germination occurred, there were several very impor- 
tant factors that diminished the probability of survival. 
These included competition for light or nutrients, scour, 
and grazing by a number of herbivores. Such factors 
were affected by the precise location of the propagule 
settlement and the effectiveness of predation on the 
herbivores. A thin canopy of Laminaria, Cystoseira, 
or Pterygophora enhanced survivorship of recruits to 
a certain extent, suggesting that an early refuge from 
fishes can enhance successful recruitment. In most cases, 

all of the above parameters hindered successful inva- 
sion and succession of a patch, and tended to enhance 
the resistance stability of the particular patch. 

We have presented many examples of resistance sta- 
bility at Pt. Piedras Blancas. But we have few obser- 
vations of the process of patch succession beyond the 
apparent shading effects when overstories succeed 
understories. We did investigate one process by which 
Macrocystis appeared to invade Pterygophora patches. 
After storms, Pterygophora that have Nereocystis and 
Macrocystis growing on their stipes are commonly seen 
on the shore. Perhaps the epiphyte drag increases the 
probability that the Pterygophora will be pulled free, 
as observed by Dayton (1973) and Sousa (1979). We 
hypothesize that this mechanism is one means by which 
Pterygophora are killed and their patches invaded. 

To test this hypothesis, in April 1977 we tagged 119 
stipitate plants in Sites A and C and removed the epi- 
phytes from half of them. Unfortunately, 1977-1978 
was an unusually rough year, and the plants had a low 
survival rate. There was no epiphyte effect on Lami- 
naria dentigera. When Ptervgophora in the two sites 
are lumped, 53% of the plants without epiphytes sur- 
vived, but only 18% of the control plants survived. 
This difference was significant (x2, Fisher's Exact Test, 
P ' .05). 

The Pterygophora stipes were commonly occupied 
by limpets (Collisella instabilis) and snails (Calliosto- 
ma and Tegula spp.), and there was a significant inverse 
correlation between numbers of epiphytes and limpets. 
These grazers appeared to feed on epiphytes, and usu- 
ally there was no apparent effect on stipe tissue. This 
suggests the hypothesis that, by inhibiting the epiphyte 
effect, limpets increase the resistance stability of the 
Pterygophora patch. We tested this hypothesis by tag- 
ging 120 Ptervgophora in Sites A and C. In each site 
we removed epiphytes from 20 plants, removed lim- 
pets from 20 plants, and left 20 plants as controls. In 
contrast with the severe winter of 1-977-1978, the win- 
ter of 1978-1979 was relatively mild, and the plants 
had a uniformly high survivorship. Probably for this 
reason, the within-site comparisons were suggestive 
but not significant (x2, Fisher's Exact Test, P < .09). 
But again, when the data from the two sites were 
lumped, there was a highly signifnicant increase in 
mortality of the plants without limpets over the plants 
with only epiphytes removed (x2, Fisher's Exact Test, 
P < .01). Clearly, there were other complicating fac- 
tors, including relative exposure to surge, Pterygophora 
density, year-to-year differences, and quality of sub- 
stratum. Nonetheless, it was also clear that the inter- 
play between the grazers on the stipes, the epiphytes, 
and storm surge was an important component of the 
resistance of Pterygophora patches to invasion. 

These are but a few of the many processes that re- 
sulted in the observed patterns of succession. We know 
that this complex community has a great many more 
such mechanisms that are yet to be documented. Clear- 
ly, the processes resulting in the patterns of disturbance 
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and subsequent colonization of the disturbed patches 
are very complex. 

DISCUSSION 

The most recent reviews of stability (Sutherland 1981, 
Connell and Sousa 1983) emphasize the need for the 
recognition of proper scales in time and space. If either 
scale is sufficiently limited, the community is never 
stable; if either scale is sufficiently large, the commu- 
nity is always stable. The time scale should be longer 
than the generation time of the structurally important 
foundation species (Dayton 1972), and the spatial scale 
should, ideally, be adequate to provide enough prop- 
agules and proper environmental conditions for re- 
cruitment and survival through reproduction of the 
foundation species. Both reviews cited above also em- 
phasize that it is important to define the perturbation 
and the rareness of equilibrial states so important in 
theoretical treatments. 

Ecologists work within several scales, and sometimes 
their conclusions cannot be generalized (Dayton and 
Tegner 1984). In this paper we have focused on a com- 
munity level of organization. Natural communities are 
aggregates of patches and guilds within which there are 
strong biological interactions (McNaughton 1978, Paine 
1980, Yodzis 1980). The nature of these biological 
interactions can vary considerably, and within a patch 
or guild the interactions often determine the local sta- 
bility. The larger scale or community stability, how- 
ever, is determined by the aggregate of the separate 
patch dynamics, by the types of interactions between 
the patches, and especially by the physical regimes that 
strongly influence so many of these relationships. In 
many natural systems, such patches have different pat- 
terns of local stability influenced by such factors as 
physical stress and disturbance, competition or pre- 
dation, or dispersal and behavior. Obviously these fac- 
tors often work synergistically. We have considered the 
following three types of stability in this paper. (1) Per- 
sistence stability refers to the existence of a patch longer 
than one generation of the dominant population. Al- 
though the patch has no apparent perturbation, it is 
likely to have been subject to the nonapparent Type I 
perturbations of Sutherland (1981). (2) Resistance sta- 
bility refers to the persistence of a patch despite its 
subjection to perturbation (Types I and II of Suther- 
land). (3) Resilience stability refers to the recovery of 
a patch following a perturbation sufficient to allow col- 
onization by different species. We have described var- 
ious aspects of stability in kelp forests representing 
varying degrees and types of environmental stress. 

Persistence of a kelp patch can tautologically be a 
function of plant longevity (Frank 1968). Therefore, a 
definition must also have a time scale sufficient to in- 
clude more than one generation. Our survivorship data 
at Pt. Loma and Santa Catalina show that our patches 
have persistence stability despite the fact that a few 
individual plants survived throughout the 10-yr study 
period. A more operational definition of persistence 

stability should accommodate those more common sit- 
uations in which the established population within the 
patch turns over but is not invaded by neighboring 
species. This subsumes our definition of resistance sta- 
bility, but allows a much more general treatment of 
stability since it is possible to include situations in 
which an instantaneous determination of the age struc- 
ture of a population (such as that derived from tree 
rings) shows continued recruitment without apparent 
invasion. We imply that most of the patches we have 
studied have both persistence and resistance stability 
at all three sites. Still unresolved is the issue of max- 
imum time scale for which these concepts are relevant, 
since all patches are eventually perturbed or invaded. 

The resistance to invasion often implies competitive 
exclusion, although a host of other mechanisms can 
act synergistically. Our observations and clearing ex- 
periments show that, all else being equal, there is a 
straightforward dominance hierarchy of competition 
for light that is determined simply by canopy height. 
In addition, however, a definition of patch stability 
must also integrate the effects of stress or perturbations. 
While not quantified, a reverse hierarchy seems to pre- 
vail when wave stress increases. For example, the float- 
ing canopy of Macrocystis pyrifera may give it a com- 
petitive superiority, but may also make it more 
vulnerable to wave stress. This can be seen in the highly 
wave-stressed Site D at Pt. Piedras Blancas, where Ma- 
crocystis was unable to persist despite clearings and 
successful experimental transplants of Macrocystis. All 
transplants were ripped out by the severe winter storms 
that had no apparent effect on the stipitate and pros- 
trate canopies. Other examples are the offshore sub- 
marine Cortez and Tanner Banks on the outer conti- 
nental shelf of southern California. These habitats 
receive very strong waves. They have no Macrocvstis; 
however, the stipitate Eisenia arborea is common 
(Lewbell et al. 1981). Another example of greater sus- 
ceptibility to stress in the fuller canopies includes the 
southern California area in which the canopy of Ma- 
crocystis floats above the thermocline, where it is ex- 
posed to temperature and nutrient stress (Jackson 1977). 
And finally, Macrocystis is a preferred food of impor- 
tant herbivores, especially sea urchins (Leighton 1966, 
Leighton et al. 1971). Nereocystis appears to have an 
extreme adaptation to such disturbances in that it is 
an annual plant that appears to be competitively in- 
ferior to other kelps (Vadas 1968, 1972) and is a pre- 
ferred food for herbivores (Vadas 1968, 1977). In all 
of these examples, the stipitate species (Pterygophora 
californica, Eisenia arborea, and Laminaria setchelfil) 
seem more tolerant of physical stress and are not as 
effectively grazed upon as is Macrocystis. Finally, the 
prostrate species (Laminaria farlowdi, Cystoseira os- 
mundacea, and Dictyoneurum californicum) seem ex- 
tremely tolerant of physical stress; Dictyoneurum is 
especially tolerant of wave stress, possibly because it 
has a vigorous rhizomatous holdfast enabling effective 
asexual horizontal growth. The prostrate forms also 
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seem more resistant to grazing (Leighton 1966, P. K. 
Dayton, personal observation). 

Because resilience stability is defined as the recovery 
of a population following a replacement, it reveals the 
dynamics of stability and is evaluated by following 
succession after a perturbation. Given a perturbation, 
the pattern of succession is influenced by dispersal ca- 
pabilities and variable recruitment, depending on sea- 
son, substratum type, and heterogeneity as well as on 
many biological factors. The rate of succession or rel- 
ative resilience also integrates dispersal and competi- 
tion as well as physiological tolerances. We found at 
Pt. Loma that Macrocystis, Pterygophora, and Eisenia 
disperse less effectively than Laminaria or Cystoseira; 
the latter, however, appear to be inferior competitors 
for light with the higher canopies. Resilience depends 
upon the area of the effective disturbance. Small dis- 
turbances kill only a few individuals, and the patch is 
almost certain to be recolonized by members of the 
existing species, both from preceding sporulations and 
by being swamped by spores from the nearby plants. 
Larger disturbances bring the relative dispersal abilities 
of the different species into play, and the disturbed 
patches are more likely to be invaded. Because there 
are strong seasonal effects on the life histories of these 
kelps, and because individuals, especially the game- 
tophytes (LUning and Neushul 1978), are sensitive to 
highly variable environmental factors, it is not realistic 
to attempt to define threshold areas at which invasion 
becomes more likely. 

Once Macrocystis germinates and grows above com- 
peting canopies, it is an effective invader; such inva- 
sions rarely occur naturally in areas with low levels of 
disturbance. For example, the Macrocystis artifically 
seeded into small clearings in heavy understory at all 
areas survived several years. At Pt. Loma and Bird 
Rock, there were second-generation plants, so Macro- 
cystis can survive and reproduce in such areas. Fur- 
thermore, at both Pt. Loma and Bird Rock, Macro- 
cystis expanded z 1 m into the adjacent Pterygophora 
during the next 5-8 yr. 

Our limited data suggest that in areas with very low 
levels of disturbance, Macrocystis rarely invades dense 
understories. But if disturbance is sufficient to detach 
a few plants or break off pieces of sporophyll, Macro- 
cystis can invade other guilds by various mechanisms, 
especially by the drifting of clumps of fertile Macro- 
cystis plants that simultaneously cause a destructive 
swath of mortality and saturate the disturbed area with 
spores. In addition, when there are high levels of dis- 
turbance from storms (Pt. Loma and Pt. Piedras Blan- 
cas) or probable temperature and nutrient stresses (Bird 
Rock), Macrocystis can be invaded, at least temporar- 
ily, by many understory species. Thus, as with the re- 
sistance of Postelsia palmaeformis (Dayton 1973, Paine 
1979), Macrocystis resistance depends upon a low level 
of disturbance. Macrocystis can be eliminated by high 
frequencies of disturbance or by catastrophes. 

These observations support Grimes's (1979) idea that 
plants tend to adapt to become ruderals, competitors, 
or stress-tolerators. We saw that "K' selected species 
can be adapted for competition (the deeper understory 
at Bird Rock) or to tolerate stress (the stipitate species 
of Dictyoneurum at Pt. Piedras Blancas). Additional 
support can be seen in the San Juan Islands, Wash- 
ington, where understory species outcompete the can- 
opy-forming annual Nereocystis (Vadas 1968), and at 
Amchitka Island, Alaska, where stipitate kelps seem 
much more tolerant of severe storms than the canopy- 
forming perennial Alaria fistulosa, which behaves as a 
ruderal (Dayton 1975b). The rhizomatous Laminaria 
longipes at Amchitka Island seems to be an especially 
effective stress-tolerator (Dayton 1 975b), as is Dicty- 
oneurum at Piedras Blancas. 

We suggest that there should be an additional com- 
ponent of Grimes's stress-tolerators for those species 
that resist stress from grazing; that is, grazer tolerators. 
At Pt. Loma and Piedras Blancas, the turf resists in- 
vasion, probably either by allelochemicals or by the 
grazing of the abundant small crustacea and poly- 
chaetes that it harbors. Although the possibility of al- 
lelochemical defenses complicates the interpretation of 
the resistance stability of the turf, the coralline algal 
pavements associated with urchin barrens are common 
components of many algal habitats (reviewed by Law- 
rence [1975]) and were seen in the urchin-dominated 
boulder patches and reefs at Pt. Loma. Other kelp- 
community examples of grazer tolerators include ur- 
chin barrens in tidepools (Paine and Vadas 1969; Day- 
ton 1975a) and areas free of sea otters in Alaska (Estes 
and Palmisano 1974), Nova Scotia (Mann 1977), and 
Chile (P. K. Dayton, personal observation). Other graz- 
er tolerators include Agarum spp. (Vadas 1968), Des- 
marestia spp., and Codium species (P. K. Dayton, per- 
sonal observation). That these grazer-tolerator 
communities are maintained by intensive grazing is 
often demonstrated by removing the grazers and ob- 
serving immediate algal recruitment and succession 
(Lubchenco 1978; Menge and Lubchenco 1981). Many 
parallel examples occur in terrestrial situations (Harper 
1977). 

It is important to note that almost all of the observed 
patches in kelp forests, certainly those of southern Cal- 
ifornia, fall between the extreme situations described 
above. Indeed, Macrocystis pyrifera, the most con- 
spicuous and functionally important species, is one of 
the first species to be eliminated in physically (wave 
or sand scour) stressed and grazer-stressed habitats. 
Clearly, the kelp guilds are differentially adapted to 
these extremes, and almost every patch in a kelp forest 
is influenced by different levels of these environmental 
gradients, which subtly influence the algal composi- 
tion. Patch resistance and resilience are expected to 
vary in the different microhabitats of any community. 
The message from our study is that within a given study 
area biological variables define patch stability, but be- 
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tween study areas the main differences are physical, 
especially storms, surge, scour, temperature, and some- 
times nutrient depletion. 

Within a community at a given area, the processes 
we have defined, such as competition, dispersal, var- 
ious disturbance agents, and seasonality, all relate to 
local or patch persistence, resistance, and, to a limited 
extent, resilience. But resilience in the sense of re- 
coverability and of a more global stability is strongly 
dependent upon oceanographic factors such as tem- 
perature, nutrients, and water visibility, all of which 
are strongly influenced by longshore currents, by cross- 
shore transfer via internal waves, by local weather con- 
ditions, and even by large-scale climatological events 
that have a strong effect on the biota in the California 
Current (Chelton et al. 1982). Other important bio- 
logical factors include switching thresholds of fish such 
as the halfmoon, opaleyes, and senoritas (Bernstein and 
Jung 1979). In some cases, these environmental vari- 
ables relate to linear ecological responses, but probably 
in most cases the variables are not linear (habitat struc- 
ture and internal tides), and they elicit threshold re- 
sponses (compensation point in photosynthesis and be- 
havioral thresholds, especially with regard to foraging). 
The overall situation may appear chaotic and sto- 
chastic, but each response is deterministic, if compli- 
cated. Given additional information regarding the roles 
of light, temperature, and nutrients, a reasonable un- 
derstanding of stability should be available within the 
framework we have presented. 
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